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Introduction:

Although anti-Bcer-Abl tyrosine kinase (TK) inhibi tor, imatinib, is effective therapy in newly
diagnosed patients with  CML, resistance to imatinib commonly occur s in patie nts wit h
accelerated and blastic phase of CML. AMN107 (n ilotinib) and dasatinib are more potent anti-
Ber-Abl TK inhibitor, which al so inhibits the commonly encount ered mutant forms of Ber-Abl
known to confer resistance against imatin ~ ib. MK-0457 (VX-680) is a pan-Aurora kinase
inhibitor, which has also been shown to inhibi t the activity of Bcr-Abl. Panobinostat (PS
LBH589) and vorinostat are potent pan-histone deace tylase (HDAC) inhibitor (HDI), which
depletes the levels of Ber-Abl, by inhibiti  ng the heat shock prot ein 90 (hsp90) chaperone
function toward Bcr-Abl. The overall purpose of the studies performed during the funded period
of this project was to dete  rmine the combined effects of PS or vorinostat and nilotinib,
dasatinib or MK-0457 on unmutated and mutant forms of Bcr-Abl and its downstream signaling
proteins. Additionally , these studies wer e des igned to determine the effect of this drug
combination on cell growth and apoptosis of Ber-Abl-containi ng cultured mouse and human
leukemia cells and primary human CML cells.



Body:

Based on the rationale described above, we first  determined the effect of co-treatment with
panobinostat and nilotinib or dasatinib and vorinos tat on imatinib-sensitive or refractory human
CML cells with expression of unmutated or mutant forms of Ber-Abl.

Combined effects of novel tyrosine kin ase inhibitor AMN107 (Nilotinib) and histone
deacetylase inhibitor LBH589 (Panobinos tat) against Bcr-Abl-expressing human
leukemia cells. Nilotinib (AMN107, Novartis Pharmaceutic als, Basel, Switzerland) has potent
in vitro and in vivo act ivity against the unmutated and most common muta nt forms of Bcr-Abl.
Treatment with the hist one deacetylase inhibitor LBH589 (Novartis) depletes Ber-Abl levels.
We determined the effects of AMN107 and/ or LBH589 in Bcr-Abl-expressing human K562 and
LAMA-84 cells, as well as in primary chronic myelogenous leukemia (CML) cells. AMN107 was
more potent than imatinib mesylat e (IM) in inhibiting Bcr-Abl ty rosine kinase (TK) activity and
attenuating p-STATS, p-AKT, Bcl-x(L), and c-My  c levels in K662 and LAMA-84 cells. Co-
treatment with LBH589  and AMN107 exerted synergistic apoptotic effects with more
attenuation of p-STATS, p-ERK1/2, c-Myc, and Bcl-x(L) and increases in p27 and Bim levels.
LBH589 attenuated Ber-Abl le  vels and induced apoptosis of mouse pro-B BaF3 cells
containing ectopic expression of Bcr-Abl or  the IM-re sistant, point-mu tant Bcr-AbIT3151 and
Ber-AbIE255K. Treatment with LBH589 also depl eted Ber-Abl levels and induced apoptosis of
IM-resistant primary human CML cells, including thos e with expression of Bcr-AblT3151. As
compared with either agent alon e, cotreatment with AMN107 an d LBH589 induced more loss
of cell viability of primary IM-resistant CML cells. Thus, cotreatment with LBH589 and AMN107
is active against cultured or primary IM-resistant CML cells, including those with expres sion of
Bcr-AbIT315I.

Cotreatment w ith v orinostat (suberoy lanilide hy droxamic acid) enhances activit y of
dasatinib (BMS-354825) against imatinib me sylate-sensitive or imatinib mesy late-
resistant chronic myelog enous leukemia cells. We determined the effects of vorinostat
[suberoylanilide hydr oxamic ac id (SAHA)] and/or dasatinib, a dual Abl/Src kinase (tyrosine
kinase) inhibitor, on the cultured human (K562 and LAMA-84) or primary chronic myelogenous
leukemia (CML) cells, as well as on the murine pro-B BaF3 cells with ectopic expression of the
unmutated and kinase domain-mutant forms of Bcr-Abl. Following exposure to dasatinib and/or
vorinostat, apoptosis, loss of clonogenic survival, as well as the activity and levels of Ber-Abl
and its downstream signaling prot eins were determined. Treatm ent with dasatinib attenuated
the levels of autophosphorylated Bcr-Abl, p-CrkL, phospho-signa | transducer and acti vator of
transcription 5 (p-STATS), p-c-Src, and p-Lyn;  inhibited the activity of Lyn and c-Src; and
induced apoptosis of the cultured CML cells. Combined treatment of cultured human CML and
BaF3 cells with vorinostat and dasatinib induced more apoptosis than either agent alone, as
well as synergistically induced loss of clono genic survival, which was associated with g reater
depletion of Ber-Abl, p-CrkL, and p-STATS levels . Cotreatment with dasat inib and vorinostat
also attenuated the levels of Ber-AblE255K  and Ber-AblT3151 and induc ed apoptosis of BaF3
cells with ectopic expression of the mutant forms of Ber-Abl. Finally, cotreatment of the primary
CML cells with vorinostat and das atinib induced more loss of cell viability and depleted Ber-Abl
or Bcr-AbIT315l, p-S TATS5, and p-CrkL levels  than either agent alone. Therefore, this
preclinical in vitro acti vity of vorinostat and dasatinib against cultured and primary C ML cells



supports the in vivo testing of the combinati  on in imatinib mesylate- sensitive and imatinib
mesylate-resistant CML cells.

As described below, the Principal Investigator also participated in determining the clinica |
efficacy of nilotinib in patients with imatin  ib-resistant CML and Philadelphia chromosome-
positive AML. The findings of these studies are summarized in the two following sections.

Nilotinib in imatinib-resistant CML a nd Philadelphia chromosome-positiv e ALL.
Resistance to imatinib mesylate can occur in chronic myelogenous leukemia (CML). Preclinical
in vitro studies have shown that nilotinib (AMN 107) is more potent than imatinib against CML
cells by a factor of 20 to 50. In a phase 1 dose-escalation study, we assigned 119 patients with
imatinib-resistant CML or acute lymphoblastic leukemia (ALL) to receive nilotinib or  ally at
doses of 50 mg, 100 mg, 200 mg, 400 mg, 600 mg , 800 mg, and 1200 mg once daily and at
400 mg and 600 mg twice daily. Common adverse events were myelosuppression, transien t
indirect hyperbilirubinemia, and rashes. Of 33 pat ients with the blastic pha se of disease, 13
had a hematologic response and 9 had a cytogenet ic response; of 46 patients with the
accelerated phase, 33 had a hematologic respons e and 22 had a cytogenetic response; 11 of
12 patients with the chronic phase had a complete hematologic remission. Our conclusions are
that nilotinib has a relatively favorable safety profile and is active in imatinib-resistant CML.

Nilotinib is effective in patients w ith Philadelphia chromosome—positive CML in
chronic p hase (CP) follow ing imatin ib resistance and intolerance: Nilotinib, an orally
bioavailable, selective Bcr-Abl tyrosine kinase inhibitor, is 30-fold more potent than imatinib in
pre-clinical models, and overc omes mostim atinib resistant B CR-ABL mutations. We
participated in a phase 2 open-label study in ~ which 400 mg of nilotinib was adminis tered
orally twice daily to 280 patients with Philadelphia chromosome—positive (Ph+) CML-CP after
imatinib failure or intolerance. Patients had at least 6 months of follow-up and were evaluated
for hematologic and ¢ ytogenetic responses, as well as for safety and overall survival. At 6
months, the rate of major cytogenetic response (Ph =35%) was 48%: complete (Ph = 0%) in
31%, and partial (Ph = 1%-35%) in 16%. The es  timated survival at 12 months was 95%.
Nilotinib was effective in patients harboring  BCR-ABL mutations associated with imatinib
resistance (except T315l), and al so in patients with a resist ance mechanism independent of
BCR-ABL mutations. Adverse events were mostly mild to moderate, and there was minimal
cross-intolerance with imatinib. Grades 3 to 4 neutropenia and thrombocytopenia were
observed in 29% of patients; pleural or pericardial effusions were observed in 1% (none were
severe). In summary, nilotinib is highly active and safe in patie nts with CML-CP after imatinib
failure or intolerance.

Most s tudies test for mutations in the kinase domain of the  abl gene in chronic myeloid
leukemia (CML) using peripher al blood (PB) ce lls. However, frequently, progression of the
disease manifests with increased blasts in bone marrow (BM) and not in PB. Therefore, we
also performed and reported studies that showed that the circ ulating plasma mRNA is a
reliable alternative to BM mRNA for detecting ABL mutations, as described below.



Heterogeneity in detecting Abl kinase mutati ons and better sensitiv ity using circulating
plasma RNA. Simultaneous analysis of plasma, PB ce lls and BM cells from 41 imatinib-
resistant CML patients showed mutations in 63% of PB cells and 68% of plasma or BM cells (P
= 0.04). In discordant patients, 13 mutations were detected in pl asma, 11 in BM cells and 9 in
PB cells. The T315] mutation was detected in pl asma and BM but not PB cells in one patient.
We detected no mutations in the plasma of 45 previously untreated CML patients, but two of
these patients showed mutations in plasma and not cells by 9 months on therapy. Circulating
plasma mRNA is a reliable alternative to BM mRNA for detecting ABL mutations.

We also determined whether the e ffect of anti-CML blast crisis activity of pan-HDAC inhibitor
such as panobinostat and LAQ824 also involves  targeting of other deregulated epigenetic
mechanisms besides the increased activity of histone deacetylases and histone deacetylation.
We foucused on the SET domain-containing histone methyltransferase EZH2 and the
multiprotein polycom be repressive complex, PRC2, in which E ZH2 performs the catalytic
activity and functions as the histone methltransferase. Our novel and highly interesting findings
are described below.

Histone deacet ylase inhibitors deplete enhancer o f zeste 2 and associated pol ycomb
repressive complex 2 proteins in human acute leukemia cells. Human enhancer of zeste 2
(EZH2) protein belongs to the multiprotein polycomb repressive complex 2, which also
includes suppressor of zeste 12 (SUZ12) and embryonic ectoderm development (EED). The
polycomb repressive complex 2 complex posse sses histone methyltransferase activity
mediated by the Su(var)3-9, enhancer of ze ste, and trithorax dom ain of EZH2, which
methylates histone H3 on lysine (K)-27 (H 3K27). In the present studies, we determined that
treatment with the hydroxamate histone deacetylase inhibitor LBH589 or LAQ824 depleted the
protein levels of EZH2, SUZ12, and EED in t he cultured (K562, U937, and HL-60) and primary
human acute leukemia cells. This was associat ed with decreased levels of trimethylated and
dimethylated H3K27, with ¢ oncomitant depletion of the hom eobox domain ¢ ontaining HOXA9
and of MEIS1 transcription factors. Knockdown of EZH2 by EZH2 small inter fering RNA also
depleted SUZ12 and EED, inhibited histone me thyltransferase activity, and reduced
trimethylated and dimethylated H3K27 levels, with a concomitant loss of clonogenic sur vival of
the cultured acute myelogenous leukemia (AML) ce lls. EZH2 small interf ering RNA sensitized
the AML cells to LBH589-mediat ed depletion of EZH2, SUZ12, and EED; loss of clonogenic
survival; and LBH589-induced differentiation of  the AML cells. These findings support the
rationale to test anti-EZH2 treatment comb ined with hydroxamate histone deac  etylase
inhibitors as an antileukemia epigenetic therapy, especially agains t AML with coexpres sion of
EZH2, HOXA9, and MEIS1 genes.

It had been previously reported that BCR-ABL induc  es the activity of STATS transcription
factor, which upregulates the leve Is of the antiapoptotic Bcl-xL  protein thereby conferring a
survival advantage on BCR-ABL ex pressing CML cells. Therefore we determined the effect of
dasatinib on STATS signaling and determined w  hether high int racellular levels of STAT5
activity would confer relative resistance agains t dasatinib. Findings of this study are described
below.



Dasatinib inhibits Stat5 si gnaling associated w ith apoptosis in chronic myelogenous
leukemia cells: Dasatinib is a novel, oral, potent, mult i-targeted kinase inhibitor of B cr-Abl
and Src family kinases (SFK) and is a promisi ng cancer therapeutic agent. Dasatinib is 325-
fold more potent than imatinib against cells expressing wild-type Bcr-Abl, and that dasatinib
is active against 18 of 19 Bcr-Abl mutations known to cause imatinib resistance. In the
present study, we first confir med that dasatinib inhibits tyrosine phosphorylation of SFKs,
including Src, Hck, and Lyn, in K662 human CML cells. Significantly , downstream signa |
transducer and activator of transcription 5 (Sta t5) signaling was determined to be blocked by
dasatinib as shown by decreases in levels of phosphorylated Stat 5 and Stat5 DNA-binding
activities. In addition, treatment with dasatinib down- regulated express ion of Stat5 target
genes, including Bcl-x, Mcl-1, and cyclin D1. Consis tent with these results, blockade of Statb
signaling by dasatinib was accompanied by inhibi tion of cell prolifer ation and induction of
apoptosis. Surprisingly, Stats D NA-binding ac tivities were enhanced with increasin g cell
density, which is associated with resistance to apoptosis by dasatinib. These findings
indicate that inhibition of Stat5 signaling ~ downstream of Bcr-Abl/SF Ks contributes to the
action of dasatinib, and, conversely, that incr easing cell density up-regulates Stat5 activation
and confers resistance to dasatinib. Moreover, the level of phosphorylated Stat5 in CML cells
represents a mechanistically rele vant biomarker for monitoring i nhibition of Bcr-Abl sign aling
by dasatinib in CML patients using convenient immunocytochemical assays.

Ex-vivo studies have suggested t hat imatinib-resistance in chr onic myeloid leukemia (CML)
patients occurs despite adequate suppressi  on of BCR-ABL activi ty. Whether BCR-ABL
phosphorylation levels differ between imatinib-sens itive and -resistant patients is not known.
We probed this issue by comparingt  he autophosphorylation and downstream si  gnaling
activity of BCR-ABL in CML cells derived fr om patients who had been untreated or exhibited
imatinib-refractory progressive CML. Additi onally, we also developed a novel immunolog ic
assay to estimate the plasma levels of circul ating BCR-ABL protein as well as to determine
its activity by estimating the level of BCR-  ABL phosphorylation. This technique would be
useful in monitoring patient s with chronic myeloid leukemia (CML) or acute lymphoblastic
leukemia (ALL), and the same approach ¢ an be us ed in other translocations and has the
potential of multiplexing. The findings of these two important studies are described below.

Phosphorylation levels of BCR- ABL, CrkL, AKT and ST  AT5 in imatinib-resistant
chronic myeloid leukemia cells implicate  alternative pathw ay usage as a survival
strategy: We compared the phosphorylation of B CR-ABL in 54 previo usly untreated CML
patients and 62 imatinib-resistant CML patients with progressive disease. Resistant patients
had significantly lower levels of BCR-ABL, CrkL and AKT phosphorylati on than previously
untreated patients, but STAT 5 phosphorylation showed no diffe rence. These observations
suggest that imatinib- resistance is not necessarily dependent on higher activity in BCR-ABL-
dependent pathways, but is likely due to the activation of other pathways.

An immunological method for th e detection of BCR-ABL fusi on protein and monitoring
its activation: We have developed a simplified s andwich immunoassay to measure free

circulating total and p-BCR-AB L protein in patients witht he 1(9;22)(q34;911) chromosomal
translocation. The as say is bas ed on im munoprecipitating BCR-ABL protein usin g beads



coated with anti-BCR antibody and detecting the fusion protein with anti-ABL antibody and flow
cytometry. We show that this method allows the quantification of this protein in the plasma and
may allow the measurement of tumor load. This method also allows the measurement of the
level of phosphorylation of the immunoprecip itated BCR-ABL using antibodies agains t
phosphorylated ABL protein, wh ich can be used for monitori ng of therapy with kinas e
inhibitors. The sensitivity of this immunoassay was comparable to the sensitivity of reverse
transcription-polymerase chain reaction (RT-PCR) assay.

It is now w ell recognized that novel BCR-ABL ty rosine kinase inhibitors, such as nilotinib and
dasatinib, do not inhibit the activity of BCR-ABL T315] mutation, which is seen in approximately
10% of patients with CML refractory to imatinib. A preliminary report suggested that the Aurora
kinase inhibitor, MK-047 (VX-680) also inhibits the activity of BCR-ABL and its mutant
versions, including BCR-ABLT315l. Based on this, we performed the following studies.

Cotreatment with vorinostat enhances activity of MK-0457 (VX-680) against acute and
chronic m yelogenous leukemia cells. = We determined the effects of vorinostat
(suberoylanalide hydroxamic acid) and/or MK-0457 (VX-680), an Aurora kinase inhibitor on the
cultured human (HL-60, OCI-AM L3, and K562) and primary acute my elogenous leukemia
(AML) and chronic myelogenous leukemia (CML), as well as on the murine pro-B BaF3 cells
with ectopic expression of the unmutated and mutant forms of B cr-Abl. Following exposure to
MK-0457 and/or vorinostat, apoptosis, loss of viability, as well as activity and levels of Aurora
kinase and Bcr-Abl proteins were determined. Treatment w ith MK-0457 decreased the
phosphorylation of Aurora kinase substrates including serine (S)10 on histone H3 and survivin,
and led to aberrant mitosis, DNA endoreduplication as well as apoptosis of the cultured human
acute leuk emia HL-60, OCI-AML3, and K562 cells . Combined treatment with vorinostat and
MK-0457 resulted in greater att enuation of Aurora and Bcr-Abl (in K562) kinase activity and
levels as well as synergistically induced apopt osis of OCI-AML3, HL- 60, and K562 cells. MK-
0457 plus vorinostat also induced synergistic apoptosis of BaF3 cells with ectopic
overexpression of wild-type  or mutant Bcr-Abl. Finally, cotreatment with MK-0457 and
vorinostat induced more loss of viability of primary AML and imatinib -refractory CML than
treatment with either agent alone, but exhibited minimal toxicity to normal CD34+ progenitor
cells. These findings demonstrate that comb ined in vitro treatment with MK-0457 and
vorinostat is highly active agains t cultured and primary leukemia cells. These findings merit in
vivo testing of the combination against human AML and CML cells, especially against im atinib
mesylate-resistant Bcr-AblT3151-expressing CML Cells.

Based on our findings that panobinostat depletes EZ H2 levels and induces growth arrest in
apoptosis of CML blast crisis cells (BC), we extended these studies to determine the effects of
combined treatment with panobinostat and DNMT1 inhibitor dec itabine on CML-BC cells. Our
studies and findings are described below.

Panobinostat treatment deplet es EZH2 and DNM T1 levels and enhances deci tabine
mediated de-repression of JunB and loss of survival of human acute leukemia cells:

The PRC2 complex protein EZ H2 is a histone methyltransferase that is known to bind and
recruit DNMT1 to the DNA to modulate DNA meth ylation. Here, we determined that the pan-
HDAC inhibitor panobinostat (LBH589) treatment depletes DNMT1 and EZH2 prot ein levels,



disrupts the interaction of DNMT1 with EZH2, as well as de-represses Jun B in human acute
leukemia cells. Similar to treatment with the hsp90 inhibitor 17- DMAG, treatment with
panobinostat also inhibited the chaperone associ ation of heat shock protein 90 with D NMT1
and EZ H2, which pr omoted the proteasomal degradation of DNMT1 and EZH2. Unlik e
treatment with the DNA methyltr  ansferase inhibitor decitabine, which demethylates JunB
promoter DNA, panobinostat treatm ent mediated chromatin alterati ons in the JunB promoter.
Combined treatment with panobinostat and decit abine caused greater attenuation of DNMT1
and EZH2 levels than either agent alone, which was acco  mpanied by more JunB de-
repression and loss of clonogenic survival of the C ML-BC K562 cells. Co-treatment with
panobinostat and dec itabine als o caused more loss of viability of primary CML-BC but not
normal CD34+ bone marrow progenitor cells. Collec tively, these findings indic ate that co-
treatment with panobinostat and dec itabine targets multiple ep igenetic m echanisms to de-
repress JunB and exerts antileukemia activity against human CML-BC cells.

Key research accomplishments:
o Combined treatment with the histone deacetylase inhibitor, LBH58 9, and
nilotinib (AMN107) exerts synergistic cytotox icity against Ber-Abl positiv e human acute

leukemia cells.

o LBH589 and nilotinib combination exer ts superior activity against imatinib-
resistant mutants of Ber-Abl, i.e., Ber-AblE255K and Ber-AblT315I.

o Histone deacetylase inhibitors deplete = enhancer of zeste 2 and associated
polycomb repressive complex 2 proteins in human acute leukemia cells.

o Circulating plasma mRNA is a relia ble alternative to BM mRNA for detecting
ABL mutations.

o Nilotinib is effective in patients wit h Philadelphia chromosome—positive CML in
chronic phase (CP) following imatinib resistance and intolerance

o A simplified sandwic h immunoassay to measure free circulating total and p-
BCR-ABL protein in patients with the 1(9;22)(q34;911) chromosomal translocation.

. Phosphorylation levels of BCR-ABL, CrkL, AKT and STATS5 in imatinib-resistant
chronic myeloid leukemia cells implicate alternative pathway usage as a survival strategy.

o Dasatinib inhibits Stat5 signaling associated with apoptosis in chronic
myelogenous leukemia cells.

o Cotreatment with vorinostat enhances ac tivity of MK -0457 (VX-680) against
acute and chronic myelogenous leukemia cells.



Panobinostat treatment depletes EZ H2 and DNMT1 levels and enhanc es

decitabine mediated de-repres sion of JunB and loss of su rvival of human ch  ronic
myelogenous leukemia cells.
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Conclusions: Overall, our findings demons trate that the novel Bc r-Abl kinase inhibitors
nilotinib or the dual Bcr-Abl/Src kinase inhibito r dasatinib synergistica lly interact with pan-
HDAC inhibitors vorinostat or panobinostat to deplete Ber-Abl and inhibit its downstream
signaling through ST AT5 and AKT. This is asso ciated with growth arrest and apoptosis of
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Combined effects of novel tyrosine kinase inhibitor AMN107 and histone
deacetylase inhibitor LBH589 against Ber-Abl—expressing human leukemia cells

Warren Fiskus, Michael Pranpat, Purva Bali, Maria Balasis, Sandhya Kumaraswamy, Sandhya Boyapalle, Kathy Rocha, Jie Wu,
Francis Giles, Paul W. Manley, Peter Atadja, and Kapil Bhalla

AMN107 (Novartis Pharmaceuticals,
Basel, Switzerland) has potent in vitro
and in vivo activity against the unmutated
and most common mutant forms of Ber-
Abl. Treatment with the histone deacety-
lase inhibitor LBH589 (Novartis) depletes
Bcer-Abl levels. We determined the effects
of AMN107 and/or LBH589 in Bcr-Abl-
expressing human K562 and LAMA-84
cells, as well as in primary chronic my-
elogenous leukemia (CML) cells. AMN107
was more potent than imatinib mesylate
(IM) in inhibiting Bcr-Abl tyrosine kinase

(TK) activity and attenuating p-STAT5,
p-AKT, Bcl-x., and c-Myc levels in K562
and LAMA-84 cells. Cotreatment with
LBH589 and AMN107 exerted synergistic
apoptotic effects with more attenuation of
p-STATS5, p-ERK1/2, c-Myc, and Bcl-x, and
increases in p27 and Bim levels. LBH589
attenuated Bcr-Abl levels and induced
apoptosis of mouse pro-B BaF3 cells
containing ectopic expression of Becr-Abl
or the IM-resistant, point-mutant Bcr-
AbIT3151 and Bcr-AblE255K. Treatment
with LBH589 also depleted Bcr-Abl levels

and induced apoptosis of IM-resistant
primary human CML cells, including those
with expression of Ber-AbIT3151. As com-
pared with either agent alone, cotreat-
ment with AMN107 and LBH589 induced
more loss of cell viability of primary IM-
resistant CML cells. Thus, cotreatment
with LBH589 and AMN107 is active against
cultured or primary IM-resistant CML cells,
including those with expression of Bcr-
AbIT315l. (Blood. 2006;108:645-652)

© 2006 by The American Society of Hematology

Introduction

The deregulated activity of the Ber-Abl tyrosine kinase (TK)
encoded by the bcr-abl oncogene remains a therapeutic target in all
phases of chronic myelogenous leukemia (CML).!1" Ber-Abl
activates diverse progrowth and prosurvival mechanisms, which
confer resistance to apoptosis.'* These include increased phosphor-
ylation and transactivation by STAT-5 (signal transducer and
activator of transcription), which leads to increased expression of
the antiapoptotic Bcl-x;, and Pim-2 protein,*® and increased
Ras/Raf/MEK/ERK1/2, AKT, and NFkB activity.'>78 Bcr-Abl TK
activity also leads to depletion of the cyclin-dependent kinase-2
inhibitor p27 and the BH3 domain-only—containing proapoptotic
Bim protein.>!! Collectively, these molecular perturbations pro-
mote cell proliferation and survival and contribute to Ber-Abl—
mediated leukemia transformation of normal bone marrow progeni-
tor cells (NBMCs).!* Although highly active in inducing clinical
and cytogenetic complete remissions, resistance to imatinib mesy-
late (IM; Gleevec) is a common clinical problem in CML,
especially in the accelerated phase and blast crisis (BC) of CML.!2
The mechanisms of resistance to IM include mutations in the
kinase domain of BCR-ABL, amplification of the BCR-ABL gene,
as well as Bcer-Abl-independent mechanisms of resistance.!3-16
Approximately 40 different point mutations have been described in
the kinase domain of Ber-Abl.!7 On the basis of the known crystal
structure of Abl complexed with STIS71, the mutations are of 2
broad categories: those that directly interfere with the ability of IM
to bind to the kinase domain (eg, T315I) and those that impair the

ability of Ber-Abl from achieving the inactive conformation
required for binding to IM, for example, those in the P loop (eg,
E255K).!31418 Ber-Abl mutations impart varying degrees of resis-
tance to IM, including some that remain susceptible to higher
concentrations of IM.!*15 Mutations that interfere directly with
Ber-Abl in binding IM are the most resistant to inhibition by
IM.'3-15 Polyclonal resistance in a single patient represented by 2 or
more distinct mutations in Ber-Abl has also been described in 35%
of patients.!315 These observations emphasize the need to develop
and test novel anti-Ber-Abl agents that are more potent than IM
and/or are able to override the resistance to IM because of either
mutations or amplifications of Ber-Abl."> AMN107 (Novartis
Pharmaceuticals Inc, Basel, Switzerland) is a rationally designed
Ber-Abl TK inhibitor, which binds to the ATP-binding site of the
kinase in its inactive conformation.!’® AMN107 is approximately
10- to 20-fold more potent than IM in inhibiting the activity of the
unmutated Ber-Abl and induces growth inhibition and apoptosis of
Ber-Abl-transformed cells.??! AMN107 is also able to inhibit the
activity of mutant Ber-Abl, with mutations in the P loop and
activation loop but not with those mutations that interfere directly
with the binding of Ber-Abl with IM, for example, T3151.20-22
Notably, in an early clinical trial, AMN107 has shown significant
clinical activity against IM-resistant CML.?

Recent studies from our laboratory have also demonstrated that
treatment with hydroxamic acid analog (HA) histone deacetylase
inhibitors (HDIs) leads to increased levels of p21 and p27, as well
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as induces the levels of prodeath proteins (eg, Bax, Bak, and Bim)
and down-regulates antiapoptotic proteins, (eg, Bcl-x;, XIAP,
survivin, and AKT) in human leukemia cells.?*2¢ Collectively, this
results in inhibition of cell growth and induces apoptosis of
leukemia cells.?’-? Recent studies from our laboratory have also
demonstrated that treatment with the HA-HDIs SAHA, LAQ824,
and LBH589 alone depleted Ber-Abl, as well as induced apoptosis
and sensitized human leukemia cells to apoptosis induced by
IM.?-? By inhibiting HDAC6 and inducing acetylation of hsp90,
LAQ824 and LBH589 attenuated the ATP-binding and chaperone
function of hsp90.3° This led to polyubiquitylation, proteasomal
degradation, and depletion of hsp90 client proteins, including
Ber-Abl, c-Raf, and AKT.?32%31 Notably, our studies also showed
that treatment with LAQ824 or LBH589 reduced the levels of the
highly IM-refractory Bcer-AblT3151 and induced apoptosis of
primary IM-refractory CML-BC cells.?®2?° Treatment with LAQ824
and LBHS589 has also been shown to induce apoptosis of acute
myelogenous leukemia (AML) cells, including those that contain
FLT-3 mutations, while relatively sparing NBMCs.26282% On the
basis of the strong rationale generated by these observations taken
together, we determined the combined effects of AMN107 and
LBHS589 against cultured and primary human CML cells. Addition-
ally, we also determined the effect of this combination against
mouse pro-B BaF3 cells with ectopic expression of the unmutated
Ber-Abl or with mutant Ber-AblE255K and Ber-AblT3151, as well
as against IM-resistant primary CML cells, including those that
harbor the point mutation Ber-Abl T3151.

Materials and methods

Reagents and antibodies

LBH589 and AMN107 were provided by Novartis Pharmaceuticals (East
Hanover, NJ). Polyclonal anti-PARP, anti—caspase-9, anti—caspase-3, and
anti-p-ERK1/2 antibodies were purchased from Cell Signaling Technology
(Beverly, MA). Polyclonal anti-STAT-5 and goat polyclonal anti—Pim-2
antibody, as well as monoclonal anti-c-Myc and anti-Abl antibodies, were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
anti—p-STATS antibody was purchased from Upstate Biotechnology (Lake
Placid, NY). Antibodies for the immunoblot analyses of p21, p27, p-CrkL,
CrkL, p-AKT, AKT, Bim, Bcl-x;, and ERK1/2 were obtained as previously
described.?6-30

Cell lines and cell culture

Ber-Abl-expressing, CML LAMA-84 and K562 cells were obtained from
American Tissue Culture Collection (Manassas, VA) and maintained in
culture in RPMI medium containing 10% fetal bovine serum and passaged
twice a week, as previously described.”’-*% Mouse pro-B BaF3 cells were
cultured in complete RPMI-1640 media supplemented with 10% WEHI
medium as the source of IL-3.32 For the studies described herein,
logarithmically growing cells were exposed to the designated concentra-
tions of AMNI107 and/or LBH589. Following these treatments, cells or
cell pellets were washed free of the drug(s) prior to the performance of
the studies.

Site-directed mutagenesis and nucleofection

Three p210 Ber-Abl constructs were used in the current studies. The p210
Ber-Abl WT and p210 Ber-Abl (T3151) constructs were generated as
previously described.?®3% The p210 Ber-Abl (E255K) mutant was created
by site-directed mutagenesis of a Bcr-Abl containing pSVneo construct
using a QuikChange II XL kit (Stratagene, Cedar Creek, TX) according to
the manufacturer’s recommendations, and the resulting clones were se-
quenced to confirm the point mutation.?>3} For nucleofection of the p210
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Ber-Abl constructs into BaF3 cells, 5 million BaF3 cells in 100 pL
Nucleofector solution V (Amaxa, Gaithersburg, MD) were mixed with 5 g
p210 Ber-Abl WT, p210 Ber-Abl (T3151), or p210 Ber-Abl (E255K) in a
cuvette and nucleofected using program G-16.3* Following nucleofection,
the cells were incubated at a concentration of 1 X 10° cells/mL in complete
RPMI-1640 media supplemented with 10% WEHI medium as the source of
IL-3, overnight, to recover. Stable transfectants of BaF3 cells expressing the
WT or mutant form of Ber-Abl (ie, T3151 or E255K) were maintained in
RPMI 1640 supplemented with 10% serum, 1.0 U/mL penicillin, 1 pg/mL
streptomycin, and 0.75 mg/mL G418. Stably expressing cells were then
further selected by removal of IL-3. After confirmation of Bcr-Abl
expression by immunoblot analysis, cells were used for the studies
described herein.

Primary CML-BC cells and NBMCs

Leukemia cells from the peripheral blood and/or bone marrow of 10
patients who had met the clinical criteria of IM-resistant Ph chromosome-
positive CML-BC were harvested and purified, as previously de-
scribed.?’-2835  Additionally, NBMCs were harvested and purified, as
previously described.?® Informed consents were signed by all patients to
allow use of their cells for these experiments, as part of a clinical protocol
approved by the University of South Florida Institutional Review Board (IRB).

Sequencing of ber-ablin CML-BC cells

Using the Trizol method (Invitrogen, Carlsbad, CA), total RNA was
isolated from 10 to 15 million cells available from 2 patients, who were
suspected to have Ber-Abl T3151 mutation as a result of their failure to
respond to treatment with IM and AMN107. Total RNA (5 pg) was reverse
transcribed with a first-strand cDNA synthesis kit (Invitrogen). Reverse
transcribed cDNAs were used in polymerase chain reaction (PCR) amplifi-
cations to amplify a fragment of bcr-abl that included the bcr junction
region and the c-abl kinase region as previously described.'*3 The
amplified sequences were agarose gel-purified and cloned into pCR4-
TOPO plasmid. The resulting plasmids were transformed into Escherichia
coli Machl cells (Invitrogen) overnight at 37°C. Ten colonies for each
sample were checked by colony PCR and subcultured for plasmid isolation.
Isolated plasmids were sequence verified with T3 and T7 primers for c-abl
kinase domain mutations.

Suspension culture or colony growth inhibition

Following treatment with the designated concentrations of AMN107 and/or
LBHS589 for 48 hours, untreated and drug-treated cells were washed in
RPMI 1640 medium. Following this, cells were placed in suspension
culture at a concentration of 200 000 cells/mL for 4 days. At the end of this
incubation period, cell concentrations and percentage increase in cell
numbers were determined. Alternatively, following treatment with the
drugs, approximately 200 cells treated under each condition were resus-
pended in 100 L RPMI 1640 media containing 10% FBS, then plated in
duplicate wells in a 12-well plate containing 1.0 mL Methocult media (Stem
Cell Technologies, Vancouver, Canada) per well, according to the manufac-
turer’s protocol. The plates were placed in an incubator at 37°C with 5%
CO, for 10 days. Following this incubation, colonies consisting of 50 or
more cells, in each well, were counted by an inverted microscope, and the
percentage of colony growth inhibition compared with the untreated control
cells was calculated.

Assessment of percentage of nonviable cells

Cells were stained with trypan blue (Sigma, St Louis, MO). The numbers of
nonviable cells were determined by counting the cells that showed trypan
blue uptake in a hemocytometer and reported as the percentage of untreated
control cells.?$2

Apoptosis assessment by annexin V staining

Untreated and drug-treated cells were stained with annexin V and PI, and
the percentage of apoptotic cells was determined by flow cytometry, as
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Figure 1. AMN107 and LBH589 induce apoptosis of K562 and LAMA-84 cells.
Cells were treated with the indicated concentrations of AMN107 or IM (A) or LBH589
(B) for 48 hours. Following this, the percentage of annexin V—stained apoptotic cells
was determined by flow cytometry. Values represented as bar graphs are mean of 3
experiments = SEM.

described previously.’”3® Analysis of synergism between AMN107 and
LBHS589 in inducing apoptosis of K562 and LAMA-84 cells was performed
by Median Dose-Effect analysis of Chou and Talalay® using the commer-
cially available software (Calcusyn; Biosoft, Ferguson, MO).

Western analyses of proteins

Western analyses were performed using specific antisera or monoclonal
antibodies according to previously reported protocols, and the horizontal
scanning densitometry was performed on Western blots, as previously
described.’738

Immunoprecipitation of Ber-Abl and immunoblot analyses

Following the designated drug treatments, cells were lysed in lysis buffer
(20 mM Tris [pH 8], 150 nM sodium chloride, 1% NP40, 0.1 M sodium
fluoride, I mM PMSF, 1 mM sodium orthovanadate, 2.5 pg/mL leupeptin,
5 pg/mL aprotinin) for 30 minutes on ice, and the nuclear and cellular
debris was cleared by centrifugation.?83> Cell lysates (200 wg) were
incubated with the Abl-specific monoclonal antibody for 1 hour at 4°C. To
this, washed Protein G agarose beads were added and incubated overnight
at4°C. The immunoprecipitates were washed 3 times in the lysis buffer, and
proteins were eluted with the SDS sample loading buffer prior to the
immunoblot analyses with specific antibodies against anti-Abl or antiphos-
photyrosine antibody.?$-3

Statistical analysis

Significant differences between values obtained in a population of leukemic
cells treated with different experimental conditions were determined using
the student 7 test. P values of less than .05 were assigned significance.

Results

AMN107 and LBH589 induce apoptosis of K562
and LAMA-84 cells

We determined the effects of AMNI107 and/or LBH589 in
cultured and primary CML-BC cells. We first determined the
apoptotic effects of treatment with LBH589 or AMN107 alone
on K562 and LAMA-84 cells. Figure 1A and 1B demonstrate
that exposure to LBH589 or AMN107 alone induces apoptosis
of K562 and LAMA-84 cells in a dose-dependent manner.
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Consistent with the previous reports, the data also show that
AMN107 is approximately 10-fold more potent than IM in
inducing apoptosis of K562 and LAMA-84 cells (Figure 1A).
Treatment of LAMA-84 cells with AMN107 inhibited the levels
of tyrosine phosphorylated Bcr-Abl in a dose-dependent man-
ner, without affecting the levels of Bcer-Abl (Figure 2A).
AMNI107 treatment also inhibited the levels of p-CrkL (vide
infra), suggesting that AMN107 inhibits the TK activity of
Ber-Abl. Treatment with AMN107 attenuated the levels of
p-STATS, as well as lowered the expressions of c-Myc and
Bcl-xp, which are transactivated by STATS (Figure 2B). Treat-
ment with AMN107 also inhibited the levels of p-AKT but not
AKT, which was associated with induction of p27 levels (Figure
2B). This has also been observed following exposure to IM.*0
Similar effects of AMNI107 were also observed in K562 cells
(data not shown).

Cotreatment with LBH589 and AMN107 exerts superior
anti—-Bcr-Abl activity and synergistically induces apoptosis
of K562 and LAMA-84 cells

Next, we determined the effects of cotreatment with LBH589 and
AMNI107 on Ber-Abl, as well as on the levels of the signaling
proteins downstream of Ber-Abl. Figure 3A demonstrates that, as
compared with treatment with either agent alone, relatively low
concentrations of LBH589 (20 nM) and AMN107 (50 nM) for 24
hours caused more depletion of Bcr-Abl and induced more p27
levels in K562 cells. In contrast, p21 levels were induced to a
similar extent by combined treatment with AMN107 and LBH589,
as compared with treatment with LBH589 alone. Combined
treatment with LBH589 and AMN107 also caused more attenua-
tion of the levels of p-CrkL, Bcl-xL, and c-Myc but induced more
Bim (Figure 3B). Following cotreatment with AMN107 and
LBH589, simultaneous induction of Bim and attenuation of Bcl-xLL
was associated with more PARP cleavage, which is due to
increased activity of the effector caspases 3 and 7 during apopto-
sis.2028 Similar effects of LBH589 and AMNI107 were also
observed against LAMA-84 cells (data not shown). Next, we
determined the apoptotic effect of LBH589 and/or AMN107 on
suspension culture and colony growth of K562 cells. Figure 4A
demonstrates that cotreatment with AMN107 and LBHS589 caused
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Figure 2. AMN107 inhibits autophosphorylation of Bcr-Abl and attenuates
p-STATS5, p-AKT, c-Myc, and Bcl-xL levels. (A) LAMA-84 cells were treated with the
indicated concentrations of AMN107 for 24 hours. Following this, immunoprecipitates
were obtained with protein G-agarose beads coated with anti-Abl antibody and
immunoblotted with antiphosphotyrosine antibody or anti-Abl antibody. (B) Alterna-
tively, cell lysates of LAMA-84 cells were used for Western blot analyses of p-STAT5,
STATS5, c-Myc, Bcl-xL, p-AKT, AKT, and p27, using specific antibodies. The levels of
B-actin served as the loading control.
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Figure 3. Cotreatment with LBH589 and AMN107 causes greater attenuation of
p-AKT, p-STAT5, p-CrkL, Bcl-xL, and c-Myc but induces more p27, Bim, and
PARP cleavage in K562 cells. (A) Following treatment of K562 cells with 20 nM
LBH589 and/or 50 nM AMN107 for 24 hours, Western blot analyses of Ber-Abl, p21,
and p27 was performed on the cell lysates. The levels of B-actin served as the loading
control. (B) Following treatment of K562 or LAMA-84 cells with 20 nM LBH589 and/or
50 nM AMN107 for 24 hours, Western blot analyses of p-STAT5, STAT5, p-CrkL,
Bcl-xL, c-Myc, Bim, and PARP was performed on the cell lysates. The levels of
B-actin served as the loading control.

significantly more inhibition of colony growth than treatment with
either drug alone (P < .05). Similar effect of the combination was
also observed against suspension culture growth of K562 cells
(data not shown). We also determined the apoptotic effect (increase
in the percentage of annexin V—positive cells) of the combined
treatment with AMN107 and LBH589 in K562 and LAMA-84
cells. Notably, exposure to the combination of AMNI107 and
LBHS589 exerted synergistic apoptotic effect in K562 and LAMA-84
cells, as determined by the median dose-effect isobologram analy-
sis described by Chou and Talalay.* For AMN107 and LBH589,
the combination index values were less than 1.0 in each cell type
(Figure 4A-B). The CI values for K562 were 0.47, 0.36, 0.45, 0.45,
and 0.45, respectively, and the CI values for LAMA84 were 0.85,
0.22, 0.21, and 0.16, respectively. The effect of AMN107 and/or
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Figure 4. Cotreatment with LBH589 and AMN107 inhibits more colony growth
than either agent alone and induces synergistic apoptotic effects. (A) K562 cells
were treated with the indicated concentrations of LBH589 and/or AMN107 for 48
hours. Following this, colony growth in semisolid medium was assessed after 7 days.
The bar graphs represent the mean percentage values = SEM of untreated control
colony growth. K562 cells (B) and LAMA-84 cells (C) were treated with LBH589 and
AMN107 at a fixed ratio of 1 to 2, respectively, with concentrations ranging between
10 and 100 nM, for 48 hours. Following this, the percentage of annexin V—stained
apoptotic cells was determined by flow cytometry. Using Calcusyn software (Biosoft),
the analysis of the dose-effect relationship for LBH589 and AMN107-induced
apoptosis of K562 or LAMA-84 cells was performed according to the median effect
method of Chou and Talalay.?® The combination index (Cl) values were calculated for
3 independent experiments. Cl <1, Cl=1, and Cl > 1 represent synergism,
additivity, and antagonism of the 2 agents, respectively.
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LBHS589 was also determined against NBMCs. Although AMN107
had no effect (up to 1.0 uM), exposure to 20 and 50 nM LBH589
for 48 hours induced loss of survival of 13.1% and 15.9% of
NBMCs (mean of 2 samples with experiments performed in
duplicate). Cotreatment with AMN107 did not significantly in-
crease the loss of survival of NBMCs because of exposure to 50 nM
LBH589 (P > .05).

LBH589 depletes mutant Ber-Abl levels and induces apoptosis
of IM-resistant BaF3 cells expressing Ber-AbIT315I
or Ber-AbIE255K

Next, we determined the effect of treatment with LBH589
and/or AMN107 on BaF3 cells with ectopic expression of either
the unmutated Ber-Abl or of the point mutant Ber-AblE255K or
Ber-AbIT3151. Similar to the effects seen in K562 and LAMAg824
cells with endogenous expression of Ber-Abl, AMN107 induced
apoptosis of BaF3/Bcr-Abl cells in a dose-dependent manner
(Figure 5A). Additionally, cotreatment with AMN107 and
LBH589 induced significantly more apoptosis of BaF3/Bcr-Abl
cells than either agent alone (Figure 5A; P < .05). Although
exposure to IM induced dose-dependent apoptosis of BaF3/Bcr-
Abl cells, BaF3/Bcr-AblT3151 cells were resistant to IM up to
levels as high as 10 pM (data not shown). In contrast,
BaF3/Bcer-AblT3151 cells were as sensitive as BaF3/Bcer-Abl
cells to apoptosis induced by treatment with LBH589 alone
(Figure 5A,B). Treatment with 50 nM LBH589 for 48 hours
induced apoptosis in approximately 30% of BaF3/Bcr-Abl
T3151 cells (Figure 5B). Lower levels of LBH589 were less
effective (data not shown). In contrast, BaF3/Bcr-AbIT3151
cells were resistant to AMNI107 levels as high as 2000 nM
(Figure 5B). Notably, cotreatment with 2000 nM but not 100 nM
AMN107 significantly increased LBH589-induced apoptosis of
BaF3/Bcer-AbIT315I cells (P < .01; Figure 5B). Against BaF3/
Ber-AbIE255K cells, although 100 nM AMN107 was ineffec-
tive, exposure to 200 (not shown) and 500 nM AMN107 induced
apoptosis of 26.0% and 43.0% of cells, respectively (Figure 5C).
Again, cotreatment with AMN107 (500 nM) and LBH589 (50
nM) induced significantly more apoptosis of BaF3/Bcr-
ADbIE255K cells than treatment with either agent alone (P < .01),
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Figure 5. Cotreatment with LBH589 and AMN107 induces more apoptosis of
BaF3/Bcr-Abl, BaF3/Bcr-AbIT315l, and BaF3/Bcr-AbIE255K cells. Cells were
treated with the indicated concentrations of LBH589 and/or AMN107 for 48 hours,
and the percentage of apoptotic cells was determined by annexin V staining followed
by flow cytometry. Values (mean = SEM of 3 experiments performed in duplicate) are
depicted as bars.
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Figure 6. Cotreatment with LBH589 and AMN107 causes more depletion of
Bcr-Abl in BaF3/Bcr-Abl, BaF3/Bcr-AblT315l, and BaF3/Bcr-AblE255K cells.
Cells were treated with the indicated concentrations of LBH589 and/or AMN107 for
24 hours. Following this, the cell lysates were harvested and immunoblotted with the
anti-Bcr-Abl antibody. The levels of B-actin served as the loading control.

although cotreatment with 100 nM AMN107 was less effective
(Figure 5C). Cotreatment with higher concentrations of AMN107
(1.0 or 2.0 uM) also enhanced LBH589-induced apoptosis of
BaF3/Bcr-AblE255K (data not shown). Next, we also correlated
the apoptotic effects of AMNI107 and/or LBH589 with their
effects on the levels of Ber-Abl in BaF3/Ber-Abl, BaF3/Bcer-
ADbIE255K, and BaF3/Ber-AblT3151 cells. Treatment with any
of the levels of AMN107 tested alone did not lower the levels of
Ber-Abl in any of the 3 cell types (Figure 6). Exposure to
AMNI107 also did not affect the levels of p-CrkL or CrkL (data
not shown). In contrast, exposure to 50 nM LBH589 for 24
hours lowered Bcr-Abl levels in all 3 BaF3 transfectants.
Notably, as compared with treatment with either agent alone,
cotreatment with LBH589 and AMN107 induced more depletion
of Ber-Abl in BaF3/Bcer-Abl cells. Notably, combined treatment
with LBH589 and AMN107 caused a more pronounced decline
in the levels of Bcer-AblT3151 and Ber-Abl E255K levels in
BaF3/Bcer-AblT3151 and BaF3/Ber-AblE255K  cells, respec-
tively (Figure 6). Similar effect was noted on p-CrkL but not
CrkL levels (data not shown).
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Cotreatment with AMN107 and LBH589 causes more
attenuation of Ber-Abl and loss of viability of primary,
IM-resistant CML cells than either agent alone

We next determined the antileukemia effects of LBH589 and/or
AMN107 against primary CML cells isolated from the peripheral
blood and/or bone marrow samples from 10 patients who had
relapsed with IM-resistant CML-BC. Three of these samples were
documented to have the expression of Ber-AblT3151 (samples 8, 9,
and 10). In the remaining samples of IM-refractory primary CML
cells (samples 1 to 7), the mutational status of Bcr-Abl could not be
determined, because of inadequate sample size. Table 1 indicates
that in the samples 1 to 7 both AMN107 and LBH589 induced loss
of cell viability, which was dose dependent. Additionally, in these
samples, cotreatment with LBH589 (20 or 50 nM) and AMN107
induced more loss of cell viability than treatment with either agent
alone. Sample 7 was relatively resistant to lower concentrations of
AMNI107 but sensitive to LBH589 (Table 1). In the 3 samples with
Ber-AblT3151 mutation (samples 8, 9, and 10), treatment with
AMN107 did not augment loss of cell viability, whereas exposure
to LBH589 alone for 48 hours markedly inhibited cell viability in a
dose-dependent manner (Table 1). Notably, in these samples (8, 9,
and 10), cotreatment with 50 or 100 nM AMN107 did not increase
LBHS589-induced loss of cell viability (Table 1). In one sample (no.
9), although exposure to even 2.0 puM AMN107 was ineffective,
cotreatment of 50 nM LBH589 with 2.0 pM AMNI107 induced
apoptosis of 63.7% of cells, as compared with apoptosis of 42.0%
of cells treated with 50 nM LBH589 alone (Table 1). Western blot
analyses of the total cell lysates of sample 5 showed that
cotreatment with 50 nM LBH589 and 100 nM AMNI107 for 24
hours resulted in more attenuation of Ber-Abl, p-CrkL, and
p-STATS than treatment with either agent alone (Figure 7A). In
contrast, in sample 9, treatment with even 1000 nM AMN107 alone
had little effect on the levels of Ber-Abl, p-CrkL, and p-STATS,
whereas cotreatment with 50 nM LBH589 and AMN107 markedly
depleted the levels of Ber-AblT3151, as well as of p-CrkL and
p-STATS (Figure 7B). These findings were similar to those in BaF3
cells with the ectopic expression of Ber-AblT3151.

Table 1. Effect of LBH589 and/or AMN107 on percentage of nonviable primary CML cells

50 nM 100 nM
AMN107 + AMN107 +
Patient AMN107, ANN107, LBH589, LBH589, 50 nM 50 nM
sample Control 50 nM 100 nM 20 nM 50 nM LBH589 LBH589
1 23 85 16.8 48 32.9 465 486
2 11.2 247 32.4 17.2 285 47.0 ND
3 7. 29.0 44.0 39.0 56.0 62.0 63.0
4 96 307 35.8 16.5 28.6 4256 492
5 22 18.6 29.0 228 386 58.9 67.6
6 5.0 10.8 23.0 34.6 60.1 69.4 68.8
7 8.0 10.6 224 246 51.0 58.1 62.9
Mean + SEM 6.5+ 1.2 19.0 + 3.3 294 + 32 228+ 4.0 422+ 47 54.9 + 3.4* 60.0 + 3.1%
8t 95 12.1 10.5 235 37.8 38.1 38.0
ot 16.0 17.5 16.4 28.8 42.0 429 43.0
10t 15.0 13.8 14.7 359 47.4 476 462
Mean + SEM 135+ 1.7 145+13 139+ 1.4 294 +29 422+23 42.9 + 2.2% 42.4 +1.9%

Samples of primary, IM refractory CML-BC cells, including 3 samples with expression of Bcr-AbIT315] mutation (samples 8, 9, and 10), were treated with the indicated
concentrations of LBH589 and/or AMN107 for 48 hours, and the percentage of nonviable cells was determined by the trypan blue exclusion method. The values represent

mean of 2 experiments performed in duplicate.
ND represents treatment not studied.

*Values significantly greater than those following treatment with either agent alone at the indicated concentrations (P < .05).

tSamples with expression of Ber-AblT315I.

}Values not significantly different than those following treatment with 50 nM LBH589 alone (P > .05).
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Figure 7. Cotreatment with LBH589 and AMN107 depletes the levels of Bcr-Abl,
p-CrkL, and p-STAT5 in IM-resistant primary CML-BC cells. Two purified samples
of IM-resistant CML-BC cells, sample 5 without a known mutation in Ber-Abl (A) and
sample 9 with expression Bcr-AblT3151 (B), were exposed to LBH589 and/or
AMN107 for 24 hours. Following this, the cell lysates were harvested and immunoblot-
ted with the anti—Bcr-Abl, p-CrkL, or p-anti—p-STAT5 antibody. The levels of B-actin
served as the loading control.

Discussion

In this report, we demonstrate for the first time that treatment with a
combination of the pan-HDAC inhibitor LBH589 and the Bcr-Abl
TK inhibitor AMN107 synergistically induced apoptosis of cul-
tured mouse pro-B BaF3 and human CML cells with ectopic and
endogenous expression of the unmutated Bcer-Abl, respectively.
The combination is also more active than either drug alone against
BaF3 cells with ectopic expression of the mutant Ber-AbIE255K or
Ber-AbIT3151, as well as against IM-resistant primary CML cells.
LBHS589 also inhibits HDACG, leading to the acetylation of hsp90
and inhibition of its ATP-binding and chaperone function.?® Not
only does this deplete Ber-Abl but also attenuates the levels of
other progrowth and prosurvival signaling protein kinases (eg,
c-Raf and AKT), which are known to be hsp90 client pro-
teins. 30314142 Additionally, treatment with an HA-HDI such as
LBHS589 results in attenuation of the levels of the Bcl-2 and IAP
family of proteins. LBH589 also induced Bim, a protein induced by
the forkhead family of transcription factors that are repressed by
phosphorylation by AKT.*** Phosphorylation by extracellular
signal regulated kinases is also known to diminish the association
of Bim with Bax, which inhibits apoptosis.*> Collectively, these
effects lower the threshold for apoptosis,*® which may explain why
treatment with LBH589 also sensitized the cultured mouse BaF3/
Bcer-Abl and human CML cells to apoptosis induced by AMN107.
We have previously reported that the combination of a pan-HDAC
inhibitor with a TK inhibitor, in which the TK is a client protein of
hsp90 (eg, Her-2 and FLT-3) induces more apoptosis than either the
HDI or the TK inhibitor alone.*’*8 Present findings demonstrate a
similar superior activity of the combination against Bcr-Abl-
transformed cells.

Recent studies have tracked the response to IM by determining
its effect on the ber-abl mRNA transcript level through quantitative
real-time polymerase chain reaction.!” These studies have shown
that treatment with IM may not deplete CML stem cells, and a
significant proportion of patients develop acquired resistance to IM
because of mutations in the Ber-Abl kinase domain. 21517 Amplifi-
cation and increased expression of Bcr-Abl in CML progenitor
cells may also confer IM resistance.*” A combination incorporating
LBHS589, which not only induces apoptosis through non-Bcr-Abl-
dependent mechanisms but also lowers unmutated or mutant
Bcer-Abl levels, and AMN107, which is more potent than IM in
inhibiting Ber-Abl TK activity, has the potential of overriding
several of the IM-resistance mechanisms in CML progenitor cells.
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IM resistance may also be due to the dependence of CML cells for
their growth and survival not on Ber-Abl but on Lyn or the other
signaling kinases.!0343550 Again, on the basis of the multiple
mechanisms of activity noted herein, LBH589 could potentially
override non—Bcr-Abl and Bcer-Abl-dependent mechanisms of
resistance in CML progenitor cells.?*3 Mutations in the kinase
domain of Bcr-Abl conferring IM resistance fall into 2 main
groups, that is, those inhibiting contact with IM and those that
prevent Ber-Abl from achieving the inactive conformation required
for the binding of IM to Bcr-Abl. The point mutants Ber-Abl
E255K and Ber-AbIT3151 have been recognized as the important
and common examples of 2 groups of mutations that confer clinical
resistance to IM.!214 In the E255K mutation, which is located
within the ATP-binding region (P loop) of the kinase domain of
Ber-Abl, glycine is replaced by lysine.'>!* This results in a
significant decrease in the sensitivity of Ber-AbIE255K to IM in the
kinase assay and in conferring IM resistance on BaF3/Bcr-
AbIE255K cells.!*!> In Ber-Abl the threonine 315 makes a
hydrogen bond contact with IM, and a single nucleotide C-to-T
change that results in a threonine-to-isoleucine substitution at this
residue has been shown to confer a high level of resistance to not
only IM but also AMN107 and dasatinib.'3?23¢ Recent preclinical
studies have demonstrated that AMN107 and the dual Abl/Src
kinase inhibitor dasatinib are not only more potent in inhibiting
unmutated Ber-Abl TK but also active against most of the mutant
forms of Ber-Abl, except Ber-AblT3151.19-2236 Note that treatment
with hsp90 inhibitors has been reported to induce depletion of the
mutant forms of Ber-Abl and induce growth arrest and apoptosis of
IM-resistant CML cells.3*3 Indeed, mutant forms of Bcr-Abl
appear to be more susceptible than unmutated Ber-Abl to depletion
induced by the hsp90 inhibitors.?%33 A similar observation has also
been reported with respect to the mutant versus unmutated forms of
other hsp90 client proteins (eg, FLT-3).2°4% LBH589-mediated
inhibition of the chaperone function of hsp90 may be responsible
for the depletion of the Ber-AbIE255K and Ber-AbIT315I levels in
LBHS589-treated BaF3/Ber-AblE255K and BaF3/Bcer-AblT3151
cells, respectively.

In early clinical trials, both AMNI107 and dasatinib have
exhibited a promising level of clinical activity in IM-resistant
CML.233! However, a substantial proportion of patients fail to
achieve cytogenetic complete remission, especially in patients with
more advanced phases of CML.23>! Cells from these patients may
harbor additional chromosomal abnormalities and genetic perturba-
tions that often involve the recruitment of corepressors and HDAC
activity. This can potentially repress genes involved in differentia-
tion and apoptosis.!2#3233 Under these scenarios, cotreatment with
LBHS589 and AMN107 may override these mechanisms and induce
growth arrest and apoptosis, as was reported in the K562 and the
primary CML blast crisis cells.?? Additionally, cotreatment with
LBH589 and AMNI107 not only attenuates Bcr-Abl but also
depletes the downstream, progrowth, and prosurvival signaling
molecules, including p-AKT, p-ERK1/2, and p-STATS. Thus,
LBHS589-mediated “longitudinal” 2-step inhibition of the signaling
initiated by Ber-Abl may be responsible for augmenting the growth
inhibitory and apoptotic activity of LBH589 and AMN107 against
CML-BC cells. A similar rationale has also been proposed to
explain the synergistic effects of the combination of an mTOR
inhibitor and IM against CML cells.>* A more pronounced inhibi-
tion of p-STATS resulting from cotreatment with LBH589 and
AMNI107 also correlated with greater attenuation of the STAT-5
target gene products Bcl-x; and c-Myc.*¢ Additionally, Bcl-2
family members have been shown to act in a complementary



From www.bloodjournal.org at Medical College of Georgia Greenblatt Library on May 8, 2009. For personal use

BLOOD, 15 JULY 2006 - VOLUME 108, NUMBER 2

manner to promote Ber-Abl-mediated induction of leukemia.>3-%¢
Collectively, the more dramatic inhibitory effects on several
progrowth and prosurvival signaling molecules may contribute to
the synergistic apoptotic effects of the combination of LBH589 and
AMNI107 in the cultured and primary CML cells. However, it
should be noted that in the absence of in vivo data documenting
similar effects of the combination, the clinical significance of these
observations should be cautiously interpreted.

Albeit preliminary, data presented here also indicate that
cotreatment with LBH589 sensitizes BaF3/Bcr-AblE255K and
BaF3/Ber-AblT3151 cells to higher but clinically achievable
levels of AMN107. Because higher concentrations of AMN107
are able to inhibit the Bcr-Abl TK activity of the mutant
Ber-AbIE255K, it is likely that cotreatment with LBH589
further enhances this activity of AMNI107 by depleting the
levels of Bcr-AblE255K and because of other downstream
mechanisms cited. However, the structural basis for how
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cotreatment with LBH589 leads to increased activity of AMN107
(= 1.0 pM) against the contact inhibitory mutant Ber-AbIT3151
is not entirely clear. It is possible that LBH589 may collaborate
with AMN107 in significantly inhibiting the non—-TK-dependent
prosurvival mechanisms mediated by Bcr-Abl in CML cells.
However, further studies are needed to characterize these
mechanisms and determine how these would sensitize Ber-
AbIT315I to the combination of LBH589 and AMN107. Alterna-
tively, it is conceivable that LBH589-mediated inhibition of
hsp90 chaperone function for Ber-Abl affects its conformation
in a manner that allows higher concentrations of AMN107 to
interact with and inhibit Ber-AbIT3151.57 In a recent report, the
non-ATP competitive Ber-Abl kinase inhibitor ON012380 was
shown to inhibit the activity of Ber-AblT3151.583° Therefore, it
would be important to determine whether cotreatment with
LBH589 would further augment the activity of ONO012380
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ABSTRACT

BACKGROUND

Resistance to imatinib mesylate can occur in chronic myelogenous leukemia (CML).
Preclinical in vitro studies have shown that nilotinib (AMN107), a new BCR-ABL
tyrosine kinase inhibitor, is more potent than imatinib against CML cells by a fac-
tor of 20 to 50.

METHODS

In a phase 1 dose-escalation study, we assigned 119 patients with imatinib-resistant
CML or acute lymphoblastic leukemia (ALL) to receive nilotinib orally at doses of
50 mg, 100 mg, 200 mg, 400 mg, 600 mg, 800 mg, and 1200 mg once daily and at
400 mg and 600 mg twice daily.

RESULTS

Common adverse events were myelosuppression, transient indirect hyperbilirubine-
mia, and rashes. Of 33 patients with the blastic phase of disease, 13 had a hemato-
logic response and 9 had a cytogenetic response; of 46 patients with the accelerated
phase, 33 had a hematologic response and 22 had a cytogenetic response; 11 of 12
patients with the chronic phase had a complete hematologic remission.

CONCLUSIONS

Nilotinib has a relatively favorable safety profile and is active in imatinib-resistant
CML. (ClinicalTrials.gov number, NCT00109707.)
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HE CHIMERIC BCR-ABL GENE, CREATED BY
the formation of the Philadelphia chro-
mosome (Ph), encodes a fusion protein,
BCR-ABL. The unregulated activity of the ABL
tyrosine kinase in BCR-ABL is the cause of chronic
myeloid leukemia (CML). Imatinib mesylate, an
inhibitor of the BCR-ABL tyrosine kinase, improves
the outcome in CML.%? However, the annual pro-
gression rate during treatment of chronic-phase
CML with imatinib is 4 percent.? Imatinib is ac-
tive alone or in combination in newly diagnosed
Ph-positive acute lymphoblastic leukemia (ALL).*”
Nilotinib (AMN107, Novartis) is a new, orally
active, aminopyrimidine-derivative tyrosine kinase
inhibitor that is more potent against CML cells in
vitro than is imatinib.312 Like imatinib, nilotinib
functions through competitive inhibition at the
ATP-binding site of BCR-ABL, leading to the inhi-
bition of tyrosine phosphorylation of proteins that
are involved in the intracellular signal transduc-
tion that BCR-ABL mediates. Nilotinib has a higher
binding affinity and selectivity for the ABL kinase
than does imatinib. It also has 20 to 50 times the
inhibitory activity of imatinib in imatinib-sensitive
CML cell lines and 3 to 7 times the activity in ima-
tinib-resistant cell lines. Nilotinib was also active
in 32 of 33 imatinib-resistant cell lines with mu-
tant ABL kinases.®8?2 This report summarizes the
results of a phase 1 dose-escalation study of nilo-
tinib in patients with CML and Ph-positive ALL
whose disease was resistant to imatinib.

METHODS

PATIENTS

Patients with Ph-positive imatinib-resistant CML
or ALL were eligible. Accelerated and blastic phas-
es of CML were defined as previously described.31®
Patients with a platelet count of 800,000 per cu-
bic millimeter or more or with clonal evolution
were also considered to have the accelerated phase
of disease. Clonal evolution was defined by the
presence of additional chromosomal abnormali-
ties in the Ph-positive cells, excluding variant Ph
translocations, a loss of chromosome Y, or consti-
tutional abnormalities.**>4 Patients with only clon-
al evolution have a better prognosis and were ana-
lyzed separately.'” Patients with imatinib-resistant
chronic-phase CML were enrolled in the study after
the first four dose cohorts. Imatinib resistance was
defined as a lack of complete hematologic response
after 3 months of imatinib treatment, a lack of any

cytogenetic response (Ph-positive cells, >95 per-
cent) after 6 months of treatment, a lack of a sub-
stantial cytogenetic response (Ph-positive cells,
>35 percent) after 12 months of treatment, or a
relapse after a hematologic response or a substan-
tial cytogenetic response.

Patients had to be at least 18 years of age and
have an adequate performance status and normal
hepatic, renal, and cardiac function. Patients who
had received imatinib therapy seven days before or
hydroxyurea two days before the study began were
not eligible to participate. The study was conduct-
ed in accordance with the Declaration of Helsinki.
Patients gave written informed consent, according
to institutional guidelines. The study was approved
by the institutional review board at each study
center.

STUDY DESIGN AND THERAPY
The study was designed to evaluate the safety and
tolerability of nilotinib. Patients were successively
assigned to one of nine dose cohorts, ranging from
50 to 1200 mg once daily and from 400 to 600 mg
twice daily. Patients received nilotinib daily unless
unacceptable adverse events or disease progres-
sion occurred. Dose escalation (not exceeding two
dose levels beyond the level administered to newly
enrolled patients) was permitted for patients with
an inadequate response and no prohibitive toxic
effects. Patients who had been treated at lower dos-
es had the option to receive higher doses, with es-
calation to a level that was declared safe. During
the first cycle of therapy or at times of worsen-
ing disease before intrapatient dose escalation,
patients were allowed to receive cytoreductive ther-
apy (leukaphereses and hydroxyurea) to control
elevated counts of blasts, platelets, or both. Re-
sponses in patients requiring leukapheresis or hy-
droxyurea concurrently with nilotinib could not
be evaluated. The selection of the dose and the de-
termination of the maximum dose that was toler-
ated followed a continuous modified reassess-
ment method,® described in the Supplementary
Appendix (available with the full text of this ar-
ticle at www.nejm.org).

The academic investigators and representa-
tives of the sponsor, Novartis, designed the study
and collected and analyzed the data. Drs. Kantar-
jian and Alland, who wrote the article with help
from all the authors, vouch for the accuracy and
completeness of the data and the analysis. All data
were available to all investigators.
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ASSESSMENT OF TOXIC EFFECTS AND RESPONSE

Complete blood counts and biochemical analysis
were obtained weekly for the first eight weeks and
then every other week. Bone marrow assess-
ments were done on days 15 and 28 of the first
cycle and on day 28 of every even-numbered cy-
cle. Patients were evaluated for cytogenetic re-
sponse at baseline and in repeated analyses if

they had a response. Safety assessments includ-
ed an evaluation of adverse events, hematologic
and cardiac-enzyme assessment, biochemical test-
ing, urinalysis, electrocardiography, and physical
examination.

Toxic effects were graded according to the
National Cancer Institute’s Common Terminology
Criteria for Adverse Events (version 3.0). Criteria

Table 1. Characteristics of the Study Group.
Patients Patients
Characteristic (N=119) Characteristic (N=119)
Age —yr Duration of nilotinib administration — mo
Median 60 Chronic
Range 15-83 Median 4.9
Female sex — no. (%) 62 (52) Range 14-93
Presence of splenomegaly — no. (%) 32 (27) Accelerated
Hemoglobin <10 g/dl — no. (%) 40 (34) Median 5.1
White-cell count >50,000/mm?* — no. (%) 41 (34) Range 0.3-12.6
Platelets <100,000/mm? — no. (%) 98 (82) Accelerated, clonal evolution only
Phase of CML — no. (%) Median 5.0
Blastic Range 0.1-9.6
Myeloid 24 (20) Myeloid blastic
Lymphoid 9 (8) Median 2.9
Accelerated blastic Range 0.4-10.7
Clonal evolution only 10 (8) Lymphoid blastic
Other accelerated criteria 46 (39) Median 1.4
Chronic* Range 0.9-9.7
Active disease 12 (10) Highest previous daily dose of imatinib — mg
Complete hematologic remission 5 (4) Chronic
Ph-positive ALL — no. (%) 13 (11) Median 600
Duration of phase of CML — moy Range 400-800
Chronic Accelerated
Median 59.7 Median 800
Range 12.9-167.4 Range 400-1000
Accelerated Accelerated, clonal evolution only
Median 90.6 Median 600
Range 7.2-226.9 Range 400-800
Accelerated, clonal evolution only Myeloid blastic
Median 59.0 Median 600
Range 8.1-126.7 Range 400-800
Myeloid blastic Lymphoid blastic
Median 49.9 Median 600
Range 3.8-186.9 Range 400-800
Lymphoid blastic Ph-positive ALL
Median 19.4 Median 600
Range 3.2-82.9 Range 400-800
Presence of baseline mutation in BCR-ABL — 41/91 (45)
no./total no. (%)

* Patients with chronic-phase CML were enrolled in the study after the first four dose cohorts.
T The duration of disease was calculated from the date of the first diagnosis of CML to the date of the first administration of nilotinib.
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with respect to hematologic and cytogenetic re-
sponses have been described previously.10:1719-21
Cytogenetic responses were as follows (percent-
ages refer to the percentage of Ph-positive meta-
phases): complete response, 0 percent; partial
response, 1 to 35 percent; minor response, 36 to
65 percent; and minimal response, 66 to 95 per-
cent.'® Response criteria among patients with
Ph-positive ALL were described previously.>2°

OTHER ANALYSES
Patients were evaluated for the inhibition of bio-
marker phosphorylation, the mutational status of
BCR-ABL, and Gilbert’s syndrome. The methods
used in these analyses are detailed in the Supple-
mentary Appendix.

RESULTS

PATIENTS
At three centers, from May 25, 2004, to May 4,
2005, we enrolled 119 patients whose disease was
resistant to imatinib. The patients were assigned
to receive daily doses of nilotinib according to
the following dosing schedule: 50 mg (7 patients),
100 mg (7), 200 mg (10), 400 mg (10), 600 mg (6),
800 mg (19), and 1200 mg (10) or to receive 400
mg twice daily (32) or 600 mg twice daily (18).
The characteristics of patients are shown in Table
1. As of June 15, 2005, 66 patients remained in
the study, including all 17 patients with chronic-
phase CML. Reasons for discontinuation includ-
ed adverse events (8 patients), death during the
study period (5), disease progression (35), and with-
drawal of consent (5). Four patients who withdrew
their consent underwent hematopoietic stem-cell
transplantation.

PHARMACOKINETICS
The median time to peak concentrations of nilo-
tinib was three hours after administration, and
the mean peak concentration was 3.6 uM at
steady state among patients receiving 400 mg
twice daily. The apparent half-life of the drug was
15 hours. The steady-state level was achieved by
day 8. The steady-state serum level of the drug
was two to three times the level measured after
the first dose. With the administration of daily
doses at the steady-state level, the peak concen-
tration and the area under the concentration—time
curve increased among patients receiving 50 to
400 mg of the drug and reached a plateau among

patients receiving more than 400 mg. Consider-
ing that saturation may have been caused by gas-
trointestinal absorption, the dose was reduced
to 400 mg twice daily and then was further esca-
lated to 600 mg twice daily. Exposure at the
steady-state level was greater with 400 mg twice
daily than with a daily dose of 800 mg, and there
was a dose-proportional increase in exposure be-
tween 400 mg twice daily and 600 mg twice daily
(Fig. 1).

The mean serum trough level at the steady-
state level was 1.0 uM at 400 mg daily, 1.7 uM at
400 mg twice daily, and 2.3 uM at 600 mg twice
daily. All trough levels exceeded the 50 percent
inhibitory concentration of cellular phosphoryla-
tion of BCR-ABL (20 to 57 nM, depending on cell
type) and 32 of 33 BCR-ABL kinase mutants (19
to 709 nM).12

SAFETY PROFILE
No dose-limiting toxic effects were seen at doses
of up to 600 mg daily. Dose-limiting toxic effects
occurred among 18 patients at doses higher than
600 mg. Such effects included an elevation in bili-
rubin level (predominantly grade 3), mostly indi-
rect bilirubin (nine patients); a grade 3 elevation

Dose (mg)

Twice daily
| -_—
60,000
= Daily ®
é 40,0004 | |
=
v J
2
= 1
20,0004
0 T T T T T T T T T
50 100 200 400 600 800 1200 400 600

the Daily Dose.

Figure 1. Total Steady-State Serum Levels of Nilotinib, According to

The graph shows the area under the concentration—time curve (AUC) dur-
ing the first 24 hours after the first dose of nilotinib was administered, accord-
ing to the total amount of drug patients received either once or twice daily.
The points represent the mean levels of the drug, and the I bars represent
the standard deviations. The total number of patients in whom levels were
tested were as follows: 50 mg daily (3 patients), 100 mg daily (4 patients),
200 mg daily (3 patients), 400 mg daily (8 patients), 600 mg daily (4 pa-
tients), 800 mg daily (18 patients), and 1200 mg daily (8 patients), as well
as 400 mg twice daily (30 patients) and 600 mg twice daily (18 patients).
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in the aminotransferase level (three patients); a
grade 4 elevation in the lipase level (one patient);
a grade 3 or 4 elevation in amylase and lipase lev-
els (two patients, one of whom had grade 2 pan-
creatitis); grade 4 hematologic toxic effects (two
patients); and a grade 3 subdural hematoma (one
patient). The method of continuous modified re-
assessment indicated that 600 mg administered
twice daily is the maximum tolerated dose. (The
posterior probability of dose-limiting toxicity was
0.30, which is discussed in the Supplementary Ap-
pendix.)

Table 2 presents a list of adverse events with
an incidence of at least 4 percent that were po-
tentially associated with nilotinib. Thrombocy-
topenia (21 percent) and neutropenia (14 percent)
were mainly grade 3 or 4 and appeared to increase
with increasing doses of the drug. Pruritus, rash,
and dry skin were almost exclusively grade 1 or 2.
When all categories of rash were combined, there
appeared to be a dose-related increase in inci-
dence.

Grade 3 elevations in levels of alanine amino-
transferase and aspartate aminotransferase were
infrequent and observed at daily doses of 600 mg
or more. Elevations in total, conjugated, and un-
conjugated bilirubin levels accounted for 14 per-
cent of adverse events. These increases were pri-
marily in unconjugated bilirubin and were not
accompanied by an increase in levels of amino-
transferase or evidence of increased hemolysis;
the increased levels often occurred during the
first week of therapy. The frequency and grade of
elevation in bilirubin levels increased with increas-
ing amounts of nilotinib. Elevations frequently
resolved spontaneously with continued adminis-
tration of nilotinib. There was a positive cor-
relation (P=0.009) between the presence of the
(TA),/(TA), sequence in the promoter regions of
the gene encoding bilirubin uridine diphospho-
glucuronate (UDP) glucuronosyltransferase 1A1,
a genotype associated with Gilbert’s syndrome,??
and the incidence of grade 3 or 4 elevations of
total bilirubin levels, as well as a higher mean
level of bilirubin. Among 14 patients with Gilbert’s
syndrome, 7 had elevations in bilirubin levels, as
compared with 10 of 97 patients who did not have
the syndrome.

A grade 3 elevation in the amylase level was
reported in one patient, and six patients had
grade 3 or 4 elevations in lipase levels; of those
six patients, three reported having abdominal pain.

One of these patients (with a history of pancre-
atitis) had grade 2 pancreatitis. Among patients
with available laboratory data, grade 3 or 4 eleva-
tions in lipase levels were seen in 9 of 55 patients
(16 percent), and grade 3 elevations in amylase
levels were seen in 3 of 57 patients (5 percent). All
the increased levels were observed at daily doses
of 600 mg or more.

In an exploratory analysis of more than 2200
electrocardiograms from 119 patients, the only
abnormality associated with nilotinib was in
the corrected QT interval by Fridericia’s formula
(QTcF), which appeared to increase by 5 to 15 msec
in the study group. One patient had two adverse
cardiac events associated with nilotinib, which
included pericardial effusion (grade 1) and atrial
fibrillation (grade 2), with no elevation in cardiac
enzymes.

After the data cutoff for our study, two study
patients died unexpectedly. One patient was a
30-year-old man with CML in complete remis-
sion; an autopsy confirmed an overdose of meth-
adone. The other patient was a 56-year-old man
with CML in an accelerated phase; there was no
autopsy, and the cause of death was unknown.

RESPONSE
All patients in our study had disease that was resis-
tant to imatinib. Overall, of 33 patients with the
blastic phase, 13 had a hematologic response to
nilotinib (39 percent) (Table 3) and 9 patients
(27 percent) had a cytogenetic response, 6 of whom
had a major cytogenetic response (Ph-positive
cells in metaphase, <35 percent). Of 46 patients
with accelerated-phase CML (excluding those with
clonal evolution only), 33 had a hematologic re-
sponse; 22 had a cytogenetic response, and 9 of
those responses were major. Among the 10 pa-
tients who had clonal evolution as the only fea-
ture of the accelerated phase of CML, 5 had active
disease and 5 were in complete hematologic re-
mission. All 5 patients with clonal evolution and
hematologic disease had a complete hematologic
response; 6 of 10 had a major cytogenetic response
(Table 3).

Table 4 shows the results in patients who had
accelerated or blastic phases of disease who had
a dose escalation owing to inadequate response
at the initial dose level. Overall, 13 of 23 patients
who were initially treated at daily doses of 50 to
400 mg had hematologic responses when they
received 600 mg daily or 400 mg twice daily. At
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Table 3. Hematologic and Cytogenetic Responses.*

Total No.

Cytogenetic Responsey

Hematologic Response

of Patients

Variable

Minimal Major Total
Response

Minor
Response

Marrow  Return to Total Complete Partial
Response  Response

Response

Complete
Hematologic
Response

Active
Diseasei

Response

Chronic

Phase

number of patients /total number (percent)

Transformed CML
Accelerated phase

22 (48)
9 (90)
31(55)

9 (20)
6 (60)
15 (27)

6
2
8

33/46 (72)

9

21

46

Hematologic disease

5/5 (100)
38/51 (74)

NA

NA

10
56

Clonal evolution only§

Total
Blastic phase

9

26

51

7 (29)

5 (21)

1

10/24 (42)

6

24

24

Myeloid

2 (22)
9 (27)
9 (53)

and 600 mg were similar.

1(11)
6 (18)
6 (35)

o
é
€
T
v
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2
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<
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v
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a
wn
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v
g were noted in 3 of 12 patients who had hemato-
- logic disease at baseline and in 3 of 5 patients
o . . .« .
g who were in complete hematologic remission at
°M ° & the start of therapy (Table 5).
= One of 10 patients with Ph-positive ALL (he-
k= matologic relapse) had a partial hematologic re-
M. :;: sponse, and 1 of 3 patients with Ph-positive ALL
2 § and persistent molecular signs of ALL had a com-
© = . .
£ plete molecular remission.
— v O
—_ O c a
oo S
S & SIGNALING MOLECULES
=T <3 Phosphorylation of AKT, CRKL, STAT1, and STAT5
»n 2 in all cells was compared at baseline and on day
N o < E & = 15 in patients in blastic and accelerated phases of
[} =1 . .
< 2L & disease whose leukemic cells had phosphoryla-
w C o . . .
28 %n tion of these proteins at baseline and who received
< & & T | 400 or 600 mg of nilotinib twice daily. In all four
(X %] . . . .
- "z 2o & signaling molecules, there was significantly de-
o Y o . o .
22 creased phosphorylation on day 15 of nilotinib
§ § © treatment, as compared with that at baseline af-
[ (] . . . . .
f = 3 ter adjustment for multiple testing (overall signifi-
e~z % E f cance level for all comparisons, 0.05). (See the sec-
< . . . )
€€ .= | tionentitled “AssessmentofBiomarkerInhibition”
w 23¢ | in the Supplementary Appendix.)
ER
O v w'C
A o~ ST+ 2
= ©8E £ | ABL MUTATIONS AND RESPONSE TO NILOTINIB
wn v .
= é g = | Inabout 50 percent of samples, a duplicate base-
X 3 i . line sample was available for confirmatory analy-
T = . . .
- - A sis of ABL mutations by an academic laboratory;
o 9 2
55 3t g5 | theconcordancewas 100 percent between the cen-
< = . .
) § s = tral and academic laboratories. A total of 51 ABL
(] Q. [¢] . . .
= g3 mutations were observed in 37 of 91 patients who
< Y- . .
. £ 894 had a baseline assessment for mutational status.
= o . .« . . . . . .
2 S8t o Nilotinib was active in patients with and in those
b [S2 ] . . . .
) e | 2% g s O | without mutations, but there were no significant
%_ % % g ks £ differences in the response rates between the
= S a8 . .
% 5 § 5% 3£ £ | two groups. (See Fhe section enFltled “Assessment
_S < é S8 T?—:J of BCR-ABL Mutational Status” in the Supplemen-
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once-daily doses of 600 mg or more, less than
10 percent of patients required a dose escalation.
Response rates at the twice-daily doses of 400

Among 17 patients with the chronic phase of
disease, the median duration of therapy was 4.9
months (range, 1.4 to 9.3), and all of the patients
have continued therapy. At the present time, 11
of 12 patients with active disease have had a com-
plete hematologic remission. There were cytoge-
netic responses in 9 of 17 patients who could be
evaluated, including 6 responses that were com-
plete (Table 3). Complete cytogenetic responses

tary Appendix.) Two patients with a T315I muta-
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Table 4. Dose Escalation and Hematologic Response in Patients with Accelerated and Blastic Phases of Disease.

Initial Nilotinib Phase Patients in
Dose of Disease  Dose Cohort
50-200 mg daily  Accelerated 9 8
Blastic 11 9
400 mg daily Accelerated 4 3
Blastic 3 3

Patients Receiving
Dose Escalation*

Best Hematologic Response
with Dose Escalation

400 mg daily: 3 patients with complete hemato-
logic response; 1 patient with return to
chronic phase

800 mg daily: 1 patient with return to chronic
phase

400 mg twice daily: 1 patient with complete
hematologic response

400 mg daily: 1 patient with return to chronic
phase

800 mg daily: 2 patients with return to chronic
phase

400 mg twice daily: 1 patient with marrow
response; 2 patients with complete hemato-
logic response

600 mg daily: 1 patient with return to chronic
phase

* Patients with an inadequate response to treatment received an escalation in the dose of nilotinib. A total of 4 of 45 pa-
tients in cohorts that received daily doses of nilotinib of 600 mg or more had an escalation in dose, and no responses

were observed as a result of the escalations.

tion (one with chronic-phase CML and one with
blastic-phase CML) had no response to nilotinib.

DISCUSSION

This phase 1 study of nilotinib defined the dose-
limiting toxic effects and the maximum tolerated
dose of the drug. We also report adverse events
associated with treatment and an assessment of
the activity of nilotinib in imatinib-resistant CML.
We found that nilotinib has activity in imatinib-
resistant CML, including in cases with mutations
in the gene that encodes the ABL kinase that
cause imatinib resistance.12

Imatinib therapy has side effects that can be
dose-limiting in 10 percent of patients.?? In this
study, nilotinib was not associated with the com-
mon toxic effects seen with imatinib (e.g., fluid
retention, edema, and weight gain) or with pleu-
ral effusions. Frequently noted side effects of ni-
lotinib were mild-to-moderate rashes; transient,
clinically insignificant elevations of indirect bil-
irubin levels; and myelosuppression, which was
dose-related and dose-limiting. The method of
continuous modified reassessment selected the
twice-daily dose of nilotinib of 600 mg as the
maximum tolerated dose, but the value of lower
doses should be explored, since the 400-mg twice-
daily dose appeared to have a response rate simi-
lar to that of the 600-mg twice-daily dose and

had a better safety profile. The incidence of grade
3 or 4 neutropenia was 22 percent with 600 mg
twice daily and 9 percent with 400 mg twice
daily; the incidence of increased indirect biliru-
binemia was 11 percent with 600 mg twice daily
and 3 percent with 400 mg twice daily. The rec-
ommended dose of nilotinib for phase 2 studies
is 400 mg twice daily, with possible dose escala-
tion to 600 mg twice daily in patients with an
inadequate response.

Nilotinib has a serum half-life of 15 hours
and thus was initially given as a single daily dose.
However, saturation of serum levels was observed
with this schedule at doses ranging from 400 to
1200 mg daily. When the schedule was modified
to a twice-daily regimen, there were increases of
50 to 80 percent in peak serum levels and in
levels in the area under the concentration—time
curve at the same total daily dose of nilotinib
(Fig. 1). At a steady-state level of twice-daily doses
of 400 mg and 600 mg, there was a significant
reduction in phosphorylation of AKT, CRKL,
STAT1, and STATS, as compared with levels at
baseline.

The rates of hematologic response in patients
with resistance to imatinib were 75 percent for
patients with the accelerated phase and 39 per-
cent for those with the blastic phase. Cytoge-
netic response rates in these two phases were 55
percent and 27 percent, respectively. The rate of
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Table 5. Response to Nilotinib among Patients with Chronic-Phase CML, According to the Starting-Dose Cohort.*

Patients with  Patients without

Nilotinib Dose Active Disease  Active Disease
400-1200 mg once 3 1
daily
400 mg twice daily 5 3
600 mg twice daily 4 1
All doses 12 NA

NA 5

Complete Hematologic

number of patients (percent)

Responsey Cytogenetic Response::

Complete ~ Minimal  Total

3 (100) 2 (50) 0 2 (50)
5 (100) 3 (38) 2(25  5(63)
3 (75) 1 (20) 1(20) 2 (40)
11 (92) 3 (25) 2(17) 5 (42)

NA 3 (60) 1(20) 4 (80)

* NA denotes not applicable.

7 The rate of complete hematologic response was determined by dividing the number of patients who had a complete
hematologic response by the number of patients with active disease at baseline.

i No partial or minor cytogenetic responses were noted. The rate of cytogenetic response was determined by dividing the
number of patients who had a cytogenetic response by the total number of patients.

complete hematologic response in patients with
chronic-phase CML was 92 percent, and the rate
of complete cytogenetic response was 35 percent.
The disease of all these patients was resistant to
imatinib (median dose, 800 mg).

Mutations in the gene that encodes the ABL
kinase, a mechanism of resistance to imatinib,
were noted in 45 percent of patients. In this study,
response rates were similar in patients with and
those without such mutations. Two patients with
a mutation of T315I did not have a response to
nilotinib, as predicted from preclinical studies.%12
These findings suggest that nilotinib may over-
come mutation-associated resistance to imatinib.

Our results in patients with Ph-positive ALL
who did not have a response to imatinib suggest
that nilotinib has limited efficacy in this sub-
group, since only 2 of 13 such patients had a re-
sponse to the drug. Therefore, nilotinib may have
a limited role in patients with Ph-positive ALL.

We found that nilotinib prolongs the QTcF in-
terval in some patients. One unexplained sudden
death was reported beyond the follow-up time
analysis. This finding indicates the need for care-
ful monitoring for cardiac events and arrhyth-

mias in all patients who are receiving nilotinib
and a strict avoidance of medications that may
prolong the QTcF interval.

In summary, nilotinib has a relatively favorable
safety profile, and preliminary results obtained
with a relatively short follow-up period indicate
that the drug is active in CML. Phase 2 studies of’
nilotinib and other BCR-ABL inhibitors, such as
dasatinib,?* are ongoing in patients with CML.
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Cancer Therapy: Preclinical

Cotreatment with Vorinostat (Suberoylanilide Hydroxamic Acid)
Enhances Activity of Dasatinib (BMS-354825) against Imatinib

Mesylate —

Sensitive or Imatinib Mesylate — Resistant

Chronic Myelogenous Leukemia Cells

Warren Fiskus,! Michael Pranpat,1 Maria Balasis,! Purva Bali, Veronica Estrella,’ Sandhya Kumaraswamy,1
Rekha Rao," Kathy Rocha,' Bryan Herger," Francis Lee,? Victoria Richon,® and Kapil Bhalla'

Abstract

Purpose: We determined the effects of vorinostat [suberoylanilide hydroxamic acid (SAHA)]
and/or dasatinib, a dual Abl/Src kinase (tyrosine kinase) inhibitor, on the cultured human
(K562 and LAMA-84) or primary chronic myelogenous leukemia (CML) cells, as well as on the
murine pro-B BaF3 cells with ectopic expression of the unmutated and kinase domain-mutant
forms of Bcer-Abl.

Experimental Design: Following exposure to dasatinib and/or vorinostat, apoptosis, loss of
clonogenic survival, as well as the activity and levels of Bcr-Abl and its downstream signaling
proteins were determined.

Results: Treatment with dasatinib attenuated the levels of autophosphorylated Bcr-Abl, p-CrkL,
phospho-signal transducer and activator of transcription 5 (p-STAT5), p-c-Src, and p-Lyn;
inhibited the activity of Lyn and c-Src; and induced apoptosis of the cultured CML cells.
Combined treatment of cultured human CML and BaF3 cells with vorinostat and dasatinib
induced more apoptosis than either agent alone, as well as synergistically induced loss of clono-
genic survival, which was associated with greater depletion of Bcr-Abl, p-CrkL, and p-STAT5
levels. Cotreatment with dasatinib and vorinostat also attenuated the levels of Bcr-AblE255K
and Bcr-AbIT3151 and induced apoptosis of BaF3 cells with ectopic expression of the mutant
forms of Bcer-Abl. Finally, cotreatment of the primary CML cells with vorinostat and dasatinib
induced more loss of cell viability and depleted Bcr-Abl or Ber-AbIT3151, p-STATS, and p-CrkL
levels than either agent alone.

Conclusions: As shown here, the preclinical in vitro activity of vorinostat and dasatinib against
cultured and primary CML cells supports the in vivo testing of the combination in imatinib
mesylate — sensitive and imatinib mesylate — resistant CML cells.

The fusion oncogene bcr-abl encoded Bcr-Abl tyrosine kinase
activates many pro-growth and cell survival mechanisms, which
confer resistance to apoptosis (1, 2). These include increased
phosphorylation and transactivation by signal transducer and
activator of transcription-5 (STAT5), which leads to increased
expression of the antiapoptotic Bcl-x; and Pim-2 protein (3 -5),
as well as increased Ras/Raf/mitogen-activated protein kinase/
extracellular signal-regulated kinase (ERK) kinase/ERK1/2,
AKT, and nuclear factor-«xB activity (1, 2, 6, 7). Through
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deregulated AKT activity, Bcr-Abl inhibits the forkhead tran-
scription regulator FOXO3a, which leads to depletion of the
cyclin-dependent kinase-2 inhibitor p27 and the BH3 domain-
only - containing proapoptotic Bim protein (8-10). Collective-
ly, these molecular perturbations promote cell proliferation
and survival and contribute to Bcr-Abl-mediated leukemia
transformation of bone marrow progenitor cells. Clinical
studies have shown that Bcr-Abl tyrosine kinase remains a
therapeutic target in all phases of chronic myelogenous
leukemia (CML; ref. 11). Although highly active in inducing
clinical and cytogenetic complete remissions in many CML
patients, resistance to imatinib mesylate (IM; Gleevec) is an
increasing clinical problem in CML, especially in the acceler-
ated phase and blast crisis phase where only short-term
responses are observed (11). The major mechanisms of
resistance to IM include mutations in the kinase domain of
ber-abl, amplification of the ber-abl gene, as well as Bcr-Abl-
independent mechanisms of resistance (12-16). Within the
Bcr-Abl kinase domain, close to 40 known point mutations
have been described. These have been linked to IM resistance in
CML (17). The mutations are of two broad categories: those
that directly interfere with the ability of IM to bind to the kinase
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domain (e.g., T315I) and those that impair the ability of Bcr-
Abl to achieve inactive conformation required for binding to
IM (e.g., E255K, P-loop mutation; ref. 18). Bcr-Abl mutations
impart varying degrees of resistance to IM. Some remain
susceptible to higher concentrations of IM whereas others that
interfere directly with the binding of Bcr-Abl to IM (e.g., T3151,
involving the gatekeeper threonine residue) confer the highest
form of resistance to IM (19). These findings highlight the need
to develop and test novel anti-Bcr-Abl agents that are more
potent than IM and/or are able to override the resistance to IM
due to either mutations or amplifications of Bcr-Abl.

BMS-354825 (dasatinib) is a synthetic, small-molecule,
thiazole-based, orally bioavailable, ATP-competitive, dual Abl/
Src kinase inhibitor (20). Dasatinib has been shown to inhibit
the activity of the Src kinase family members ¢-Src and Lyn
(21, 22). Dasatinib is able to bind the active and inactive
conformations of Abl and inhibits the tyrosine kinase activity of
Bcr-Abl (23, 24). Dasatinib is ~ 325-fold more potent than IM
in inhibiting the activity of Bcr-Abl (25, 26). CrkL is a 39-kDa,
tyrosine-phosphorylated adaptor protein, which is involved in
hematopoietic and leukemia cell signaling and is an important
substrate of Bcr-Abl (27). Inhibition of Bcr-Abl activity in CML
cells has been gauged by the decline in the levels of
phosphorylated CrkL (13). Importantly, in vitro studies have
shown that dasatinib is also able to inhibit most clinically
significant IM-resistant mutant isoforms of Bcr-Abl, but is
ineffective against Bcr-AbIT3151 due to steric hindrance caused
by the side chain of the isoleucine (23, 26). Dasatinib prolongs
the survival of mice with IM-resistant, Bcr-Abl-dependent
leukemia, but the drug was ineffective against tumors express-
ing the mutant Bcr-AbIT3151 (23). In phase I and early phase II
studies, dasatinib has been reported to induce complete
hematologic and cytogenetic responses in patients with IM-
resistant or IM-intolerant chronic phase of CML (28, 29).
However, the responses are significantly lower in patients with
more advanced phases of CML. Taken together, these findings
suggest that to override primary or acquired mechanisms of
resistance in advanced phases of CML, dasatinib would have to
be combined with novel agents that are not only active against
IM-resistant mutant forms of Bcr-Abl but would also be
effective in overriding non-Bcr-Abl-dependent mechanisms of
IM resistance (30).

Vorinostat [suberoylanilide hydroxamic acid (SAHA)] is a
hydroxamic acid-based polar histone deacetylase inhibitor
(31). Treatment with hydroxamic acid analogue histone
deacetylase inhibitors leads to increased levels of genes
involved in cell cycle regulation such as p21 and p27,
generation of reactive oxygen species, induction of TNF-related
apoptosis-inducing ligand and its death receptors, as well as up-
regulation of the levels of the pro-death proteins (e.g., Bax, Bak
and Bim; refs. 32-38). These agents are also known to deplete
the levels of antiapoptotic proteins (e.g., Bcl-2, Bcl-x;, X-linked
inhibitor of apoptosis, survivin, AKT, and Pim-2) in human
leukemia cells (32-38). Collectively, these effects inhibit cell
cycle growth, lower the threshold to apoptotic stimuli, and
induce apoptosis of CML cells. Recent studies from our
laboratory have shown that treatment with the hydroxamic
acid analogue histone deacetylase inhibitors alone (e.g.,
vorinostat, LAQ824, and LBH589) also depleted Bcr-Abl, as
well as induced apoptosis and sensitized Bcr-Abl-expressing
leukemia cells to apoptosis induced by IM (35-37). By
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inducing acetylation of heat shock protein 90 (hsp90) through
inhibition of histone deacetylase 6, treatment with hydroxamic
acid analogue histone deacetylase inhibitors was shown to
inhibit the ATP-binding and chaperone function of hsp90 (39).
This led to polyubiquitylation, proteasomal degradation, and
depletion of hsp90 client proteins, including Bcr-Abl, c-Raf, and
AKT (36, 37, 39). Significantly, our studies also showed that
treatment with hydroxamic acid analogue histone deacetylase
inhibitors reduced the levels of the highly IM-refractory Bcr-
AbIT315I and induced apoptosis of primary IM-refractory CML
blast crisis cells (36, 37). Based on the strong rationale
generated by these observations, we determined the combined
effects of dasatinib and vorinostat against cultured and primary,
IM-sensitive or IM-resistant, human CML cells, including
those that expressed Bcr-AblT3151. We also determined the
effects of the combination against mouse pro-B BaF3 cells with
ectopic expression of the unmutated Bcr-Abl or Ber-AblE255K
and Bcr-AbIT3151.

Materials and Methods

Reagents and antibodies. Dasatinib (BMS-354825) was kindly
provided by Bristol-Myers Squibb (Princeton, NJ). Vorinostat (SAHA)
was kindly provided by Merck (Boston, MA). Monoclonal c-Abl
antibody, polyclonal anti-STAT5A/B, polyclonal anti-Lyn, polyclonal
anti-c-Src, monoclonal ¢-Myc, and goat polyclonal anti-Pim-2 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mono-
clonal anti-p-STAT5, monoclonal anti-p27, monoclonal anti-Bcl-x;, and
monoclonal anti-phosphotyrosine were purchased from BD Biosciences
(San Diego, CA). Polyclonal p-AKT was purchased from Biosource, Inc.
(Camarillo, CA). Anti-phospho-c-Src and anti-phospho-Lyn were
purchased from Cell Signaling Technology (Beverly, MA). Antibodies
for the immunoblot analyses of p21, p-CrkL, CrkL, AKT, Bim, Bcl-x,
and ERK1/2 were obtained as previously described (35 -40).

Creation of BaF3/Bcr-Abl, BaF3/Bcr-AblE255K, and BaF3/
Bcr-AblT3151 cell lines. Mutant Bcr-Abl-containing plasmids were
generated by site-directed mutagenesis of pSTARp210Bcr-Abl or
pSVNeoBcr-Abl, as previously described (36). Briefly, the p210Bcr-
ADbIE255K and p210Bcr-AbIT3151 constructs were created by site-
directed mutagenesis of a Bcr-Abl-containing pSVNeo construct using
a QuikChange II XL kit (Stratagene, Cedar Creek, TX) according to the
recommendations of the manufacturer, and the resulting clones were
sequenced to confirm the point mutation (41, 42). For nucleofection of
the p210 Bcr-Abl constructs into BaF3 cells, 5 X 10° BaF3 cells in 100 uL
of Nucleofector solution V (Amaxa, Gaithersburg, MD) were mixed
with 5 pg of either p210 Bcr-Abl wild type, p210 Bcr-Abl (T315I), or
p210 Bcr-Abl (E255K) in a cuvette and nucleofected using program
G-16. Following nucleofection, the cells were incubated at a concen-
tration of 1 x 10°/mL in complete RPMI 1640 supplemented with 10%
WEHI medium as the source of IL-3, overnight, to recover. Stable
transfectants of BaF3 cells expressing the wild-type or mutant form
of Bcr-Abl (i.e,, T3151 or E255K) were maintained in RPMI 1640
supplemented with 10% serum, 1.0 unit/mL penicillin, 1 pg/mL strep-
tomycin, and 0.75 mg/mL G418. Stably expressing cells were then
further selected by removal of IL-3. After confirmation of Bcr-Abl
expression by immunoblot analysis, cells were used for the studies
described below.

Cell lines and cell culture. Bcr-Abl-expressing CML LAMA-84 and
K562 cells were obtained and maintained in culture as previously
described (35-37). Logarithmically growing cells were exposed to the
designated concentrations of dasatinib and/or vorinostat. Following
these treatments, cells or cell pellets were washed free of the drug(s)
before the conduction of the studies.

Primary CML cells. CML cells from the peripheral blood and/or
bone marrow of 11 patients who had met the clinical criteria of
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IM-resistant advanced phase of CML were harvested and purified as
previously described (35-37). Informed consents were signed by all
patients to allow use of their cells for these experiments, as part of a
clinical protocol approved by the University of South Florida
Institutional Review Board.

Colony growth inhibition. Following treatment with the designated
concentrations of dasatinib and/or vorinostat for 48 hours, untreated
and drug-treated cells were washed in RPMI 1640. Then, 200 cells
treated under each condition were plated in duplicated wells in a 12-
well plate containing 1.0 mL of Methocult medium (Stem Cell
Technologies, Inc., Vancouver, Canada) per well according to the
protocol of the manufacturer. The plates were placed in an incubator at
37°C with 5% CO, for 7 days. Following this incubation, colonies
consisting of >50 cells in each well were counted with an inverted
microscope and the percent colony growth inhibition compared with
the untreated control cells was calculated.

Cell lysis and protein quantitation. Untreated or drug-treated cells
were centrifuged and the cell pellets were resuspended in 200 pL of lysis
buffer [1% Triton X-100, 1 mmol/L phenylmethylsulfonyl fluoride,
10 pg/mL leupeptin, 1 pg/mL pepstatin A, 2 pg/mL aprotinin,
20 mmol/L p-nitrophenyl phosphate, 0.5 mmol/L sodium orthovana-
date, and 1 mmol/L 4-(2-aminoethyl) benzenesulfonylfluoride hydro-
chloride] and incubated on ice for 30 minutes. The cell lysates were
centrifuged and an aliquot of each cell lysate was diluted 1:10 and
protein quantitated with a bicinchoninic acid protein quantitation kit
(Pierce, Rockford, IL) according to the protocol of the manufacturer.

Western blot analysis. Western blot analyses of Bcr-Abl, p-STATS,
p-CrkL, p-Lyn, p-Src, STAT5, CrkL, c-Src, Lyn, p21, p27, Bdl-x,
a-tubulin, and B-actin were done on total cell lysates using specific
antisera or monoclonal antibodies, as previously described (35 -40).
The expression level of either p-actin or a-tubulin was used as the
loading control for the Western blots.

Immunoprecipitation of Src and Bcr-Abl and immunoblot analy-
sis. Following designated treatments, cells were lysed with the lysis
buffer as described above. Bcr-Abl was immunoprecipitated from total
cell lysates of untreated and drug-treated cells with a monoclonal anti-c-
Abl antibody from Santa Cruz Biotechnology and incubated at 4°C for
1 to 2 hours on a rotator. Prewashed protein-G beads were added to the
lysate mixture and incubated overnight at 4°C on a rotator. The
immunoprecipitates were washed four times with lysis buffer and
eluted from the agarose beads by boiling with 6x SDS sample buffer
before immunoblot analysis. Total ¢-Src was immunoprecipitated from
treated or untreated total cell lysates with a rabbit polyclonal antibody
from Santa Cruz Biotechnology and incubated at 4°C for 1 to 2 hours
on a rotator. Prewashed protein-A beads were added to the lysate
mixture and incubated overnight at 4°C on a rotator. The immuno-
precipitates were washed and eluted for SDS-PAGE as described above.

Src kinase assay. K562 or LAMA-84 cells (10”) were treated with
dasatinib for 24 hours. One milligram of total cell lysate was used for
immunoprecipitation of either Src or Lyn. For immunoprecipitation,
3 pg of anti-v-Src monoclonal antibody (Calbiochem, San Diego, CA)
or 5 ug of anti-Lyn (Santa Cruz Biotechnology) were incubated for
3 hours with the total cell lysate on a rotator at 4°C (22, 43). Protein-G
beads were added to the lysate-antibody mixture and incubated on a
rotator overnight at 4°C. The following day, the agarose beads were
washed six times with 500 pL of lysis buffer and once with 500 pL of
1x kinase buffer [100 mmol/L Tris-HCI (pH 7.2), 125 mmol/L MgCl,,
5 mmol/L MnCl,, 2 mmol/L EGTA, 2 mmol/L DTT, and 250 pmol/L
NazVQ,]. For the kinase reaction, the beads were resuspended in 30 pL
of 1x kinase buffer. Ten micrograms of glutathione S-transferase-
purified Gab1CT and 10 pCi of [y->*P]ATP (Perkin-Elmer, Boston, MA)
were added and the reaction was incubated at 30°C for 15 minutes
(43). The kinase reactions were terminated by adding 5 pL of 6X SDS
sample buffer and boiling the samples for 5 minutes. The boiled
samples were centrifuged briefly to pellet the agarose beads. The
proteins were separated by SDS-PAGE, transferred to nitrocellulose, and
visualized by autoradiography.
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Fig. 1. Treatment with dasatinib diminishes activity of Bcr-Abl and Src family
proteins, attenuates the levels of downstream Bcr-Abl targets, and induces
apoptosis in cultured CML blast crisis cells K562 and LAMA-84. A, K562 and
LAMAB8A4 cells were treated with the indicated concentrations of dasatinib for

24 hours. Then, Ber-Abl was immunoprecipitated from total cell lysates and Western
blot analysis was done for tyrosine-phosphorylated Bcr-Abl. The blot was stripped
and probed for total Ber-Abl levels. Immunoblot analysis was done for Ber-Abl,
p-STATS, p-CrkL, p27, Bel-x, p-Src (Tyr*'®), p-Lyn, and c-Src from the same
lysates. The level of 3-actin served as the loading control. B, K562 cells were treated
with the indicated concentrations of dasatinib for 24 hours. Then, c-Src and Lyn
were immunoprecipitated separately from the same cell lysates. Src and Lyn kinase
assays were done in the presence of [7—32P]ATP. After the kinase reactions,
proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes.
Autophosphorylation of Src or Lyn and phosphorylation of an exogenous substrate
(Gab1CT) were visualized by autoradiography. C, K562 and LAMA-84 cells were
treated with the indicated concentrations of dasatinib for 48 hours. Following
treatment, the percentages of AnnexinV — stained apoptotic cells were measured by
flow cytometry. Columns, mean of three experiments; bars, SE.
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Fig. 2. Cotreatment with dasatinib and vorinostat causes more depletion of Bcr-Abl activity, induces greater cell cycle arrest, inhibits more colony growth than either agent
alone, and induces synergistic apoptotic effects. A, K562 and LAMA-84 cells were treated with the indicated concentrations of dasatinib and/or vorinostat for 24 hours.
Bcr-Abl was immunoprecipitated from the total cell lysates and Western blot analysis was done for tyrosine-phosphorylated Bcr-Abl. The blot was stripped and probed for
total Ber-Abl levels. Immunoblots were done for Ber-Abl levels on the same cell lysates. The levels of B-actin served as the loading control. B, K562 cells were treated with
dasatinib and/or vorinostat for 24 hours. Cells were fixed and stained for cell cycle analysis by flow cytometry. C, analysis of dose-effect relationship for dasatinib (1-5 nmol/L)
and vorinostat (1-5 pmol/L) for the apoptotic effects after 48 hours of exposure was done according to the median effect of Chou and Talalay. Then, the combination index
values were calculated. Combination index (C/) <1, combination index = 1, and combination index >1 represent synergism, additivity, and antagonism of the two agents,
respectively. D, K562 cells were treated with the indicated concentrations of dasatinib and/or vorinostat for 48 hours. Then, colony growth in semisolid medium was assessed

after 7 days. Columns, mean percent values of untreated control colony growth.

Analysis of cell cycle status. K562 or LAMA-84 cells were treated with
dasatinib and/or vorinostat for 24 hours. Cells were washed and fixed in
70% ethanol overnight. Fixed cells were stained with propidium iodide
and subjected to flow cytometry and analyses with ModFit 3.0 (35-37).

Assessment of apoptosis by Annexin V staining. Untreated or drug-
treated cells were stained with Annexin V (PharMingen, San Diego, CA)
and propidium iodide and the percentage of apoptotic cells was
determined by flow cytometry (35-37). To analyze synergism between
dasatinib and vorinostat in inducing apoptosis, K562 cells were treated
with dasatinib (1-5 nmol/L) and vorinostat (1-5 umol/L) at a constant
ratio of 1:1,000 for 48 hours. The percentage of apoptotic cells was
determined by flow cytometry. The combination index for each drug
combination was obtained by median dose effect of Chou and Talalay
using the combination index equation within the commercially available
software Calcusyn (Biosoft, Ferguson, MO; ref. 44). Combination index
values of <1.0 represent synergism of the two drugs in the combination.

Assessment of percentage of nonviable cells. Cells were stained with
trypan blue (Sigma, St. Louis, MO). The numbers of nonviable cells
were determined by counting the cells that showed trypan blue uptake
in a hemocytometer and reported as percentage of untreated control
cells (36, 37).

Results

Dasatinib inhibits Bcr-Abl, c-Src, and Lyn tyrosine kinase
activities and induces apoptosis of K562 and LAMA84 cells. As a
dual Abl/Src kinase inhibitor, dasatinib is a significantly more
potent inhibitor of unmutated Bcr-Abl than Imatinib (IM) and
is able to inhibit the activity of nearly all of the mutant forms of
Ber-Abl (23, 25, 26). Although dasatinib has been shown to
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inhibit ectopically expressed unmutated and mutated Bcr-Abl,
the kinase inhibitory effects of dasatinib have not been
documented against endogenous Bcr-Abl and c-Src in human
CML cells. Therefore, we first determined the kinase inhibitory,
cell cycle, and apoptotic effects of dasatinib in the cultured
CML K562 and LAMA-84 cells. Figure 1A and B clearly shows
that exposure to low nanomolar concentrations of dasatinib
inhibits the autophosphorylation of Bcr-Abl and c-Src, as well
as depletes the kinase activity of the immunoprecipitated c-Src
and Lyn, as measured by the decrease in the phosphorylation of
the Gab1CT substrate in the in vitro kinase assay (22).
Concomitantly, dasatinib attenuated the intracellular levels of
p-STAT5, p-CrkL, p-Src, and p-Lyn in a dose-dependent
manner. This was accompanied by a striking increase in p27
but a decline in the levels of c-Myc and Bcl-x;, which are
transactivated by STAT5. No significant change occurred in the
levels of Bcr-Abl and c-Src or of Lyn, STATS5, and CrkL. Exposure
to 2.0 to 10 nmol/L dasatinib also induced apoptosis of K562
and LAMA-84 in a dose-dependent manner, with ~90%
apoptosis of LAMA-84 and 50% apoptosis of K562 cells at
the 10 nmol/L concentration of dasatinib (Fig. 1C).
Cotreatment with vorinostat and dasatinib exerts synergistic
effects in K562 and LAMA-84 cells. In a previous report, we
showed that treatment with vorinostat attenuates Bcr-Abl, AKT,
and c-Raf levels and induces cell cycle growth arrest and
apoptosis of CML cells. Additionally, vorinostat was shown to
sensitize CML cells to apoptosis induced by IM (35). Next, we
determined the effects of the combined treatment with
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vorinostat and dasatinib on cell cycle status, apoptosis, and
clonogenic survival of K562 and LAMA-84 cells. As compared
with the treatment with vorinostat or dasatinib alone, cotreat-
ment with vorinostat and dasatinib caused more depletion of
the levels of autophosphorylated Bcr-Abl (Fig. 2A). Treatment
with vorinostat and dasatinib also attenuated Bcr-Abl levels
more than treatment with vorinostat alone (Fig. 2A). This was
accompanied by marked accumulation of the cells in the G,
phase and concomitant decline in the percent of cells in the S
phase of the cell cycle (Fig. 2B), again more with the
combination than with either agent alone. Combined treat-
ment with vorinostat and dasatinib also induced synergistic
apoptotic effects against K562 cells, as determined by the
median dose-effect isobologram analysis described by Chou
and Talalay (Fig. 2C). For dasatinib and vorinostat, the
combination index values were <1.0 in all cases. The
combination index values were 0.65, 0.55, 0.48, 0.51, and
0.56, respectively. A similar effect was noted against LAMA-84
cells (data not shown). The effects of dasatinib and vorinostat
were also determined against normal bone marrow progenitor
cells. Whereas dasatinib (up to 20 nmol/L) had no effect,
exposure to 2.0 umol/L vorinostat induced loss of survival of
15.9% of normal bone marrow progenitor cells (mean of two
samples with experiments done in duplicate). This loss of
survival was not augmented by cotreatment with 20 nmol/L
dasatinib (data not shown). We next determined the effects of
dasatinib and/or vorinostat on the colony growth of K562 cells.
Figure 2D shows that cotreatment with dasatinib and vorinostat
caused significantly more inhibition of colony growth than
treatment with either drug alone (P < 0.01). We also
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Fig. 3. Cotreatment with dasatinib and vorinostat enhances anti-Bcr-Abl activity
and attenuates levels of Ber-Abl and p-CrkL greater than either agent alone in K562
than in LAMA-84 cells. Following treatment with 2 nmol/L dasatinib and/or

2 umol/L vorinostat for 24 hours, Western blot analysis of p-STAT5, STAT5, p-CrkL,
CrkL, p21, Bcl-x., p-Src, p-Lyn, and c-Src was done on total cell lysates from K562
and LAMA-84.The levels of p-actin served as the loading control.
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determined whether cotreatment with vorinostat enhances the
effects of dasatinib on Bcr-Abl activity and on the downstream
pro-growth and pro-survival signaling in K562 and LAMA-84
cells. As shown in Fig. 3, compared with treatment with either
agent alone, cotreatment with vorinostat and dasatinib
produced a greater decline in the levels of p-CrkL in K562
and LAMA-84 cells. Combined treatment was also highly
effective in lowering the levels of Bcl-x;, p-Src, and p-Lyn.
Whereas vorinostat alone induced p21, cotreatment with
dasatinib abrogated vorinostat-induced p21 levels.

Dasatinib and vorinostat induce apoptosis in BaF3 cells
expressing unmutated or mutant Bcr-Abl. Next, we determined
the effects of dasatinib and/or vorinostat in BaF3 cells with
ectopic expression of either the unmutated Bcr-Abl or the point
mutants Bcr-AblE255K or Ber-AbIT3151. Similar to the effects
seen in K562 and LAMA-84 with endogenous expression of
Bcr-Abl, treatment with 5.0 to 20 nmol/L dasatinib induced
apoptosis in BaF3/Bcr-Abl cells in a dose-dependent manner
(Fig. 4A). Following treatment with 20 nmol/L dasatinib,
>70% of cells showed apoptosis. In contrast, BaF3/Bcr-
AbIE255K cells were relatively less sensitive to dasatinib-
induced apoptosis, showing a dose-dependent increase in
apoptosis at higher concentrations of dasatinib (20-2,000
nmol/L; Fig. 4A). BaF3/Bcr-AblT3151 cells were resistant to IM
up to levels as high as 10 pmol/L (data not shown). BaF3/Bcr-
AbIT315I-expressing cells were also resistant to apoptosis
induced by high levels of dasatinib (2.0 umol/L). Treatment
with dasatinib alone did not lower the levels of Bcr-Abl in
BaF3 cells with ectopic expression of either the unmutated Bcr-
Abl or the point mutants Bcr-AblE255K or Ber-AbIT3151
(Fig. 4B and C). Whereas exposure to 5.0 nmol/L dasatinib
markedly inhibited autophosphorylation of the unmutated
Bcr-Abl, higher concentration of dasatinib (20 nmol/L)
achieved a similar effect against Bcr-AblE255K (Fig. 4B).
Similarly, the higher dasatinib levels were required to attenuate
p-STAT5 and p-CrkL levels in BaF3/Bcr-AblE255K versus BaF3/
Bcr-Abl cells (Fig. 4B). Dasatinib did not appreciably inhibit
autophosphorylation of Bcr-Abl (data not shown) or lower
p-STAT5 and p-CrkL levels in BaF3/Bcr-AbIT315I cells (Fig. 4C).
On the other hand, in a dose-dependent manner, vorinostat
induced apoptosis not only of BaF3/Bcr-Abl and BaF3/Bcr-
AbIE255K but also of BaF3/Bcr-AblT3151 cells (Fig. 4D).
Exposure to 2.0 pmol/L vorinostat resulted in apoptosis of
~40% of BaF3/Bcr-AblE255K cells (Fig. 4D). Notably,
treatment with >1.0 umol/L vorinostat induced more apopto-
sis of BaF3/Bcr-AblT3151 than of BaF3/Bcr-Abl cells. This is
consistent with previous reports showing that cells expressing
the IM-resistant T315] point mutant are more sensitive to
hydroxamic acid analogue histone deacetylase inhibitors than
unmutated Bcr-Abl-expressing cells (36, 37).

Cotreatment with vorinostat enhances dasatinib-induced
apoptosis of IM-resistant BaF3 cells including those expressing
Bcr-AbIT3151. We also determined the effects of treatment
with vorinostat on the levels of Bcr-Abl and downstream
signaling targets in BaF3/Bcr-Abl, BaF3/Bcr-AblE255K, and
BaF3/Bcr-AbIT3151 cells. Treatment of the BaF3 transfectants
with vorinostat depleted Bcr-AblT3151 > Bcr-AblE255K >
unmutated Bcr-Abl levels (Fig. 5A). In contrast, exposure to
up to 2.0 pmol/L dasatinib had no effect on the unmutated or
mutant forms of Bcr-Abl (Fig. 5A, and data not shown). Next,
we determined the effects of cotreatment with vorinostat and
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dasatinib on the levels of Bcr-Abl in BaF3/Bcr-Abl, BaF3/Bcr-
ADbIE255K, and BaF3/Bcr-AblT3151 cells. As compared with
treatment with either agent alone, combined treatment with
vorinostat and dasatinib markedly depleted the levels of both
of the mutant forms of Bcr-Abl in BaF3 cells. Based on the
sensitivity to apoptosis with dasatinib noted in Fig. 4A, we used
higher concentrations of dasatinib in the combination against
BaF3/Bcr-AblE255K and BaF3/Bcr-AbIT3151 cells (Fig. 5A).
Cotreatment with vorinostat and dasatinib, more than either
agent alone, also depleted the levels of p-STAT5 and p-CrkL in
BaF3 cells with ectopic expression of unmutated Bcr-Abl or of
Bcr-AblE255K or Bcr-AbIT3151 (Fig. 5A). The mechanism
underlying the striking decrease in p-STATS5 levels without
any change in STAT5 levels is not obvious. However, it may be
that cotreatment with the high levels of dasatinib employed in
this experiment might render the upstream tyrosine kinase
(responsible for phosphorylation of STAT5) more susceptible
to depletion due to vorinostat-mediated disruption of the
chaperone function of hsp90 for the tyrosine kinase. Addition-
ally, similar to the effects seen in K562 and LAMA-84 cells with
endogenous expression of Bcr-Abl, cotreatment with vorinostat
and dasatinib versus treatment with either agent alone induced
significantly more apoptosis of BaF3/Bcr-Abl cells (Fig. 5B;
P < 0.05). Notably, combined treatment with vorinostat and
dasatinib was also more effective than either agent alone in
inducing apoptosis of BaF3/Bcr-AblT3151 and BaF3/Bcr-
ADIE255K cells (Fig. 5C and D). The combination induced
apoptosis of ~90% of BaF3/Bcr-AblE255K and 60% of BaF3/
Bcr-AbIT315I cells (Fig. 5C and D).

Cotreatment with dasatinib and vorinostat exerts superior
antileukemia activity against primary IM-resistant CML
cells. We next determined the antileukemia effects of
dasatinib and/or vorinostat against primary IM-resistant
CML cells isolated from the peripheral blood and/or bone
marrow from 11 patients who had relapsed with IM-resistant
CML blast crisis cells. Two of these samples were docu-
mented to express Bcr-AbIT3151 (samples 10 and 11). In the
remaining samples of IM-resistant primary CML cells
(samples 1-9), due to inadequate sample size, the mutational
status of Bcr-Abl could not be determined. Table 1 indicates
that in the samples 1 to 9, dasatinib induced loss of cell via-
bility in a dose-dependent manner. Exposure to 2.0 pmol/L
vorinostat alone also induced loss of cell viability in all of
the samples, including samples 10 and 11. Notably, whereas
in samples 1 to 9, cotreatment with dasatinib and vorinostat
induced more loss of cell viability, in samples 10 and 11,
addition of dasatinib did not augment the loss of cell
viability due to treatment with vorinostat alone. One sample
(CML #4) yielded sufficient cells for immunoprecipitation of
Bcr-Abl to evaluate the effect of dasatinib and/or vorinostat
on autophosphorylation and levels of Bcr-Abl, as well as on
levels of p-STAT5 and p-CrkL. As was observed in K562 cells,
dasatinib inhibited autophosphorylation of Bcr-Abl without
affecting Bcr-Abl levels (Fig. 6A). Treatment with dasatinib
also attenuated the levels of p-STAT5 and p-CrkL, with little
effect on STAT5 and CrkL levels (Fig. 6A). Whereas exposure
of sample no. 4 cells to 2.0 umol/L vorinostat alone depleted
the levels of Bcr-Abl, p-STAT5, and p-CrkL, cotreatment with
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Fig. 4. Treatment with dasatinib depletes Bcr-Abl activity and induces apoptosis of pro-B BaF3 cells with ectopic expression of unmutated or mutant Ber-AblE255K but not
of Ber-AbIT3151. A, BaF3 cells with ectopic expression of either unmutated or mutant Ber-AblE255K or Ber-AbIT3151 were treated with the indicated concentrations of
dasatinib for 48 hours. After treatment, the percentage of AnnexinV — stained apoptotic cells was determined by flow cytometry. Columns, mean of three experiments; bars,
SE. B, BaF3/Bcr-Abl and BaF3/Bcr-AblE255K cells were treated with the indicated concentrations of dasatinib for 24 hours. Then, Ber-Abl was immunoprecipitated from
total cell lysates and immunoblotted for tyrosine-phosphorylated Bcr-Abl. The blot was stripped and probed for total Ber-Abl levels. Immunoblot analysis was done for
Bcr-Abl, p-STAT5, and p-CrkL in the total cell lysates from the same cells. The level of a-tubulin served as the loading control. C, BaF3/Bcr-AbIT315] cells were treated with the
indicated concentrations of dasatinib for 24 hours. Then, Western blot analysis of Bcr-Abl, p-STAT5, and p-CrkL was done on the total cell lysates. Levels of a-tubulin served as
the loading control. D, BaF3/Bcr-Abl, BaF3/Bcr-AblE255K, and BaF3/Bcr-AblT3151 cells were treated with the indicated concentrations of vorinostat for 48 hours. After
treatment, the percentage of AnnexinV — stained apoptotic cells was determined by flow cytometry. Columns, mean of three experiments; bars, SE.
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dasatinib (2 nmol/L) and vorinostat (2.0 umol/L) was even
more effective than treatment with either agent alone in
attenuating Bcr-Abl, p-STAT5, and p-CrkL (Fig. 6B). These
findings are consistent with the increased lethality exerted
against sample no. 4 cells by the combination of dasatinib
(2 nmol/L) and vorinostat (2.0 pmol/L; Fig. 6B). Treatment
with dasatinib was clearly less effective in depleting the levels
of p-STAT5 in the primary versus cultured CML cells.
Although the mechanisms underlying this disparity have
not been elucidated, it is possible that in primary cells,

STAT5 phosphorylation may be mediated by the activity of
Src as well as another tyrosine kinase(s), which is not
inhibited by dasatinib.

Discussion

Previous reports have separately described the activity of the
pan-histone deacetylase inhibitor vorinostat and the dual Abl/
Src tyrosine kinase inhibitor dasatinib against Bcr-Abl-express-
ing human CML cells (25, 26, 35). Here we show for the first

Table 1. Dasatinib and/or vorinostat induces loss of viability of primary CML blast crisis cells
Sample no. Untreated % Nonviable cells
2 nmol/L, 5 nmol/L, 10 nmol/L, 2 umol/L, 2 nmol/L, 5 nmol/L, 10 nmol/L,
dasatinib dasatinib dasatinib vorinostat dasatinib + dasatinib + dasatinib +
vorinostat vorinostat vorinostat
1 2.2 12.4 23.9 33.0 41.6 46.7 56.4 63.5
2 5.0 20.8 24.1 27.5 57.9 64.6 64.4 77.8
3 14.6 24.6 28.0 ND 30.4 44.0 55.7 ND
4 12.8 44.5 49.7 55.8 66.2 80.1 82.6 86.0
5 15.0 32.6 42.7 46.3 43.5 48.3 53.6 56.8
6 10.6 12.0 16.9 25.8 28.0 35.2 38.0 44.7
7 4.2 10.2 16.6 22.4 17.8 24.3 23.4 34.4
8 8.8 11.3 18.0 25.0 26.9 30.0 32.7 35.0
9 6.1 8.9 12.8 16.7 17.3 19.6 24.4 37.3
10%* 13.7 13.4 14.0 15.5 35.1 35.4 36.6 37.5
11%* 14.7 15.9 14.8 15.8 38.1 47.0 47.2 45.7
NOTE: Peripheral blood or bone marrow from nine IM-resistant or refractory patients and two samples with mutant Bcr-AbIT315! (*) were
treated with the indicated doses of dasatinib and/or vorinostat for 48 hours. Then, the percentages of nonviable cells for each drug alone or drug
combination were determined by trypan blue uptake in a hemocytometer. Values represent the percentage of nonviable cells from each
condition as compared with untreated cells.
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Fig. 6. The effect of dasatinib and/or vorinostat on primary CML blast crisis cells.
A, primary CML cells were treated with the indicated concentrations of dasatinib
for 24 hours. Ber-Abl was immunoprecipitated from the total cell lysates and
immunoblotted for tyrosine-phosphorylated Ber-Abl. Blots were stripped and
probed for total Ber-Abl levels. Western blot analysis was done for Ber-Abl,
p-STATS, STATS, p-CrkL, and CrkL on total cell lysates from the same cells. The
levels of p-actin served as the loading control. B, CML blast crisis cells were treated
with dasatinib and/or vorinostat for 24 hours. After this, Western blot analysis was
done for Ber-Abl, p-STAT5, STAT5, p-CrkL, and CrkL on the total cell lysates. The
level of 3-actin served as the loading control.

time that combined treatment with vorinostat and dasatinib is
significantly more active than either agent alone against human
CML cells with endogenous expression of the unmutated Bcr-
Abl. Notably, the combination is also more active against BaF3
cells with ectopic expression of Bcr-Abl or its mutant isoforms
Bcr-AblE255K or Ber-AbIT3151, as well as against IM-resistant
human primary CML cells. Treatment with pan-histone
deacetylase inhibitors, including vorinostat, has been shown
to inhibit the activity of histone deacetylase 6, which induces
the acetylation of hsp90 (39, 40, 45). This inhibits the ATP
binding and chaperone function of hsp90, thereby disrupting
the association of hsp90 with its client proteins, including
Bcr-Abl, c-Raf, and AKT (37, 39). In turn, this promotes
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polyubiquitylation and proteasomal degradation of the client
proteins (46). Vorinostat has also been shown to down-
modulate the levels of the Bcl-2 and the inhibitor of apoptosis
family member proteins (35, 40). Additionally, treatment with
vorinostat up-regulates the levels of Bim, a protein induced by
the forkhead family of transcription factors that are repressed
by phosphorylation by AKT (8, 10). By attenuating c-Raf and in
turn inhibiting the activity of the ERK, which is known to
phosphorylate Bim and diminish its association with Bcl-2 and
Bcl-x;, vorinostat also promotes the proapoptotic effects of Bim
(47, 48). Collectively, these effects lower the threshold and
promote vorinostat-induced apoptosis (49). The reported
findings also explain why cotreatment with vorinostat sensitizes
BaF3/Bcr-Abl and human CML cells to dasatinib-induced
apoptosis. That the combination of vorinostat and dasatinib
induces more apoptosis of Bcr-Abl transformed cells is also
consistent with several previous reports where cotreatment with
a hydroxamic acid analogue histone deacetylase inhibitor and a
tyrosine kinase inhibitor, targeting a tyrosine kinase that is a
bona fide hsp90 client protein (e.g., Bcr-Abl, Her-2, and FLT-3),
was shown to induce more apoptosis than treatment with
either agent alone (35, 50, 51). Our findings show that, as
compared with treatment with vorinostat alone, cotreatment
with dasatinib mediates more depletion of unmutated or
mutant Bcr-Abl. Although we do not have any experimental
evidence to clarify the mechanism underlying this effect, it is
possible that inhibition of Bcr-Abl activity and autophosphor-
ylation may make it more susceptible to polyubiquitylation and
proteasomal degradation due to vorinostat-mediated disrup-
tion of the chaperone function of hsp90.

Recent studies have suggested that treatment with IM may
be ineffective against CML stem cells (17), and acquired
resistance to IM due to mutations in the Bcr-Abl kinase
domain is a common occurrence (12-15, 17). Amplification
and increased expression of Bcr-Abl in CML progenitors may
also confer IM resistance (12-14, 30). Dasatinib is clearly a
more potent inhibitor than IM of the unmutated Bcr-Abl
tyrosine kinase activity, and dasatinib is also able to inhibit
most of the mutant forms of Bcr-Abl (23, 26-30). Vorinostat
is shown here to not only deplete the levels of the unmutated
and mutant forms of Bcr-Abl but also induces apoptosis of
CML cells through Bcr-Abl-independent mechanisms. This is
important because IM resistance may also be due to the
dependence of CML cells for their growth and survival on
signaling kinases other than Bcr-Abl (e.g, Lyn or mitogen-
activated protein kinase; refs. 16, 52, 53). Therefore, the
combination of vorinostat with dasatinib has the potential of
overriding many, if not all, of the IM resistance mechanisms
in CML progenitor cells. Additionally, based on the multiple
mechanism of activity noted above, the combination may also
be able to override Bcr-Abl-independent and Bcr-Abl-depen-
dent resistance mechanisms prevalent in the CML stem cells
(31, 36, 54). Mutations in the kinase domain of Bcr-Abl
conferring IM resistance fall into two main groups: those that
inhibit contact with IM and those that prevent Bcr-Abl from
achieving the inactive conformation required for the binding
of IM to Bcr-Abl. The point mutants Bcr-AblE255K and Bcr-
AbIT3151 have been recognized as the important and
common examples of two groups of mutations that confer
clinical resistance to IM (12-15). In the E255K mutation,
which is located within the ATP-binding region (P-loop) of
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the kinase domain of Bcr-Abl, glycine is replaced by lysine
(12-14). This results in a significant decrease in the sensitivity
of Bcr-AblE255K to IM in the kinase assay and in conferring
IM resistance on BaF3/Bcr-AblE255K cells (12-15). In Ber-
Abl, Thr’'®> makes a hydrogen bond contact with IM, and a
single-nucleotide change (C to T) that results in a threonine
to isoleucine substitution at this residue has been shown to
confer high level of resistance not only to IM but also to
dasatinib (13, 18, 19). Recent preclinical studies have shown
that dasatinib is not only more potent in inhibiting
unmutated Bcr-Abl tyrosine kinase but is also active against
most of the mutant forms of Bcr-Abl, except Bcr-AbIT3151
(23-26). It is noteworthy that treatment with hsp90
inhibitors has been reported to induce depletion of the
mutant forms of Bcr-Abl and induce growth arrest and
apoptosis of IM-resistant CML cells (42, 46). Indeed, mutant
forms of Bcr-Abl seem to be more susceptible than unmutated
Bcr-Abl to depletion induced by the hsp90 inhibitors (42). A
similar observation has also been reported with respect to the
mutant versus unmutated forms of other hsp90 client proteins
(e.g., FLT-3; ref. 37). Vorinostat-mediated inhibition of the
chaperone function of hsp90 may be responsible for the
depletion of the Bcr-AblE255K and Bcr-AbIT3151 levels in
dasatinib-treated BaF3/Bcr-AblE255K and BaF3/Bcr-AblT3151
cells, respectively.

In early clinical trials, dasatinib has exhibited promising level
of clinical activity in IM-resistant CML (28, 30). However, a
substantial proportion of patients fail to achieve cytogenetic
complete remission, especially in patients with more advanced
phases of CML (28, 30, 55). Cells from these patients may
harbor additional chromosomal abnormalities and genetic
perturbations that often involve the recruitment of corepressors
and histone deacetylase activity. This can potentially repress
genes involved in differentiation and apoptosis (1, 31, 56, 57).
Cotreatment with vorinostat may override these mechanisms
and sensitize leukemia cells to dasatinib-induced growth arrest
and apoptosis, as was reported in the primary CML blast crisis
cells (35). Additionally, cotreatment with vorinostat and
dasatinib not only attenuates Bcr-Abl but also depletes the
downstream pro-growth and pro-survival signaling molecules,
including p-AKT, p-ERK1/2, and p-STAT5. Accordingly, vorino-
stat may be exerting a “longitudinal” two-step inhibition of the
signaling initiated by Bcr-Abl, thus augmenting the growth
inhibitory and apoptotic activity of dasatinib against CML blast
crisis cells. A similar effect may explain the superior activity of
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Abstract

Human enhancer of zeste 2 (EZH2) protein belongs to the
multiprotein polycomb repressive complex 2, which also
includes suppressor of zeste 12 (SUZ12) and embryonic
ectoderm development (EED). The polycomb repressive
complex 2 complex possesses histone methyltransferase
activity mediated by the Su(var)3-9, enhancer of zeste,
and trithorax domain of EZH2, which methylates histone
H3 on lysine (K)-27 (H3K27). In the present studies, we
determined that treatment with the hydroxamate histone
deacetylase inhibitor LBH589 or LAQ824 depleted the
protein levels of EZH2, SUZ12, and EED in the cultured
(K662, U937, and HL-60) and primary human acute
leukemia cells. This was associated with decreased levels
of trimethylated and dimethylated H3K27, with concom-
itant depletion of the homeobox domain containing
HOXA9 and of MEIS1 transcription factors. Knockdown
of EZH2 by EZH2 small interfering RNA also depleted
SUZ12 and EED, inhibited histone methyltransferase
activity, and reduced trimethylated and dimethylated
H3K27 levels, with a concomitant loss of clonogenic
survival of the cultured acute myelogenous leukemia
(AML) cells. EZH2 small interfering RNA sensitized the
AML cells to LBH589-mediated depletion of EZH2,
SUZ12, and EED; loss of clonogenic survival; and
LBH589-induced differentiation of the ANIL cells. These
findings support the rationale to test anti-EZH2 treatment
combined with hydroxamate histone deacetylase inhib-
itors as an antileukemia epigenetic therapy, especially
against AML with coexpression of EZH2, HOXA9, and
MEIS1 genes. [Mol Cancer Ther 2006;5(12):3096 — 104]
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Introduction

During development, the polycomb group (PcG), together
with trithorax group of proteins, play an important role
in the regulation of expression of homeotic (HOX) genes
(1, 2). Additionally, deregulated expression and function of
PcG proteins has been linked to altered cellular prolifera-
tion and cancer (3, 4). PcG proteins function in multimeric
protein complexes and repress HOX genes (2—4). Two of
the best-characterized PcG complexes are the polycomb
repressive complex (PRC) PRC1 and PRC2 (2, 3). These
complexes localize at specific sites called polycomb
repressive elements and organize the chromatin into a
repressive structure that is unresponsive to chromatin
remodeling factors and basal- and gene-specific transcrip-
tion factors (2—4). Of the two complexes, PRC2 is smaller
and contains the PcG proteins enhancer of zeste 2 (EZH2),
embryonic ectoderm development (EED) that serves to
recruit to the chromatin the PRC1 complex, suppressor of
zeste 12 (SUZ12), Yin Yang 1, and the histone-binding
protein RbAp46 (2-5). Recently, within the PRC2, EZH2
was shown to interact with and modulate the DNA
methyltransferases DNMT1, DNMT3a, and DNMT3b,
which affect their binding to the EZH2 target gene
promoters (6, 7). Thus, EZH2 is required for DNA
methylation of EZH2-targeted promoters. EZH2 may serve
as a recruitment platform for DNA methyltransferases,
thereby mechanistically linking the two epigenetic silenc-
ing systems (6, 7). EZH2 is crucial during embryonic
development, as depletion of EZH2 from developing
mouse embryos resulted in severe growth retardation and
early embryonic lethality (8, 9). EZH2 contains an evolu-
tionarily conserved, COOH-terminal Su(var)3-9, enhancer
of zeste, and trithorax domain, which mediates the histone
methyltransferase (HMTase) activity specific for lysine
(K)-27 of histone H3 (H3K27) that is associated with gene
repression (10-12). Besides its catalytic HMTase domain,
EZH2 contains highly conserved NH,-terminal protein
interaction domains responsible for binding to EED and a
nuclear localization domain (11). EED recruits HDAC
activity to the PRC2 complex (12).

There is accumulating evidence that deregulated expres-
sion of PcG proteins is involved in cellular transformation
and promotes aggressiveness and high proliferation rates
in cancers (13, 14). EZH2 overexpression has been
especially linked to aggressive tumor formation and poor
prognosis in both prostate and breast cancers (15-18). In a
subset of cancers, EZH2 locus is amplified resulting in
EZH?2 overexpression (16—18). This can promote cellular
transformation and confer invasiveness in immortalized
breast epithelial cells (16). With SUZ12 and EED, EZH2 has
been established as the minimum functional PRC2 core
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complex exerting gene silencing through methylation of
H3K27 and is transcriptionally regulated by the pRB/E2F
pathway (3, 13, 19). Activated p53 has also been shown to
suppress EZH2 expression (20). Recently, AKT was shown
to phosphorylate EZH?2 at Ser®' and suppresses its methylt-
ransferase activity by impeding EZH2 binding to histone
H3 (21). This results in decreased levels of trimethylated
H3K27 and derepression of the silenced genes. EZH2 has
also been reported to be up-regulated in mantle cell
lymphoma as well as coexpressed with BMI-1 (a polycomb
protein in the PRC1 complex) in Reed-Sternberg cells in
Hodgkin’s disease and non-Hodgkin’s lymphoma (22-24).
Whereas normal bone marrow plasma cells do not express
EZH?2, during disease progression in primary multiple
myeloma, EZH2 expression is induced and correlates with
the tumor burden (25). Additionally, a recent report
showed that growth factor independence in multiple
myeloma cells with N- or K-Ras mutation requires the
activity of EZH2. It was also shown that the in vivo
oncogenic activity of EZH2 depends on the function of its
Su(var)3-9, enhancer of zeste, and trithorax domain (25).

Although overexpression of EZH2 has been reported to
increase aggressiveness in the various types of cancers,
EZH2 expression has not been evaluated previously in acute
leukemia. The PRC2 complex has been shown to bind to the
promoter and regulate the expression of homeobox A9
(HOXAY), a gene linked to poor prognosis in acute myelo-
genous leukemia (AML; ref. 3). HOXAQY is the most frequent
partner in a fusion oncoprotein with Nup98 (Nup98-
HOXAD9), resulting from the chromosomal translocation
t(7;11)(p15;p15) observed in human leukemia (26-28).
HOXADQ is also known to interact with myeloid ecotropic
viral integration site 1 homologue (MEIS1), a member of the
three—amino acid loop extension subclass of homeodomain-
containing proteins (29). The MEIS1-HOXA9 interaction
has been reported to rapidly accelerate leukemogenesis in
mice (30—32), making these proteins and their interaction a
potential therapeutic target for further evaluation. Addi-
tionally, in the PRC2 complex, EZH2 is known to interact
with histone deacetylases (HDAC) 1 and 2 through the EED
protein (13, 33, 34). This suggests that based on the cellular
context, the transcriptional repression by the PRC2 complex
may be mediated through the activity of the HDACs (18).
Therefore, in the present studies, we determined the effect
of the hydroxamate HDAC inhibitors (HA-HDI) LBH589
and LAQ824 on EZH2 and PRC2 complex proteins and
their HMTase activity in cultured leukemia cell lines K562,
U937, and HL-60 as well as in primary human chronic
myelogenous leukemia (CML) and AML cells. We also
determined the effects of small interfering RNA (siRNA)-
mediated knockdown of EZH2 and/or HA-HDI on EZH2
mRNA and protein levels as well as on the clonogenic
survival and differentiation of human AML cells.

Materials and Methods

Reagents

LAQ824 and LBH589 were kindly provided by Novartis
Pharmaceuticals, Inc. (East Hanover, NJ). Anti-EZH2
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monoclonal antibody was purchased from BD Transduc-
tion Laboratories (San Jose, CA). Polyclonal anti-SUZ12,
anti-EED, anti-HOXA9, Anti-MEIS1/MEIS2/MEIS3,
monoclonal anti—trimethylated H3K27, polyclonal anti-
dimethylated H3K27, polyclonal anti—acetylated H3K27,
polyclonal anti—acetyl histone H3, and polyclonal anti—
acetyl histone H4 antibodies were purchased from Upstate
(Lake Placid, NY). Anti-p21 antibody was purchased from
NeoMarkers (Fremont, CA). Anti—p-actin was purchased
from Sigma-Aldrich (St. Louis, MO). Anti-pRb antibody
was purchased from Cell Signaling (Beverly, MA).

Cell Culture

K562, HL-60, and U937 cells were cultured in complete
RPMI 1640 and incubated at 37°C with 5% CO, as
described previously (35). Medium was changed every
2 to 3 days, and cells were passaged at a density of
0.25 x 10°/mL. Logarithmically growing cell cultures were
used for all experiments described below.

Leukemia Blast Cells

Primary AML and CML cells were obtained with
informed consent as part of a clinical protocol approved
by the Institutional Review Board of the University of
South Florida. As described previously (36, 37), peripheral
blood samples were collected in heparinized tubes or
obtained from leukophoresis units, and mononuclear cells
were separated using Lymphoprep (Axis-Shield, Oslo,
Norway), washed once with complete RPMI 1640, resus-
pended in complete RPMI 1640, and counted to determine
the number of cells isolated before their use in the various
experiments. The purity of the blast population was
confirmed to be 80% or better by morphologic evaluation
of cytospun cell preparations stained with Wright stain.

Cell Lysis and Protein Quantitation

Untreated and siRNA or drug treated for 48 h, cells were
harvested by centrifugation at 1,000 rpm in a swinging
bucket rotor for 5 min. Cell pellets were washed with
1x PBS, gently resuspended in 200 pL lysis buffer [1% Triton
X-100, 1 mmol/L phenylmethylsulfonyl fluoride, 10 pg/mL
leupeptin, 1 pg/mL pepstatin-A, 2 pg/mL aprotinin,
20 mmol/L p-nitrophenyl phosphate, 0.5 mmol/L sodium
orthovanadate, 1 mmol/L 4-(2-aminoethyl) benzenesulfo-
nylfluoride hydrochloride], and incubated on ice for 30 min
as described previously (38). Cell lysates were centrifuged
at 12,000 rpm in a tabletop centrifuge for 15 min to remove
the nuclear and cellular debris. An aliquot of each cell lysate
was diluted 1:10 and quantitated using a bicinchoninic acid
protein quantitation kit according to the manufacturer’s
protocol. Known concentrations of bovine serum albumin
were used to establish a standard concentration curve.
Proteins were loaded into a 96-well plate and the plate was
incubated at 37°C for 20 to 30 min. Protein concentrations
were read on a Bio-Rad (Hercules, CA) plate reader using
microplate manager version 5.5.

SDS-PAGE and Western Blotting

One hundred micrograms of total cell lysate were used
for SDS-PAGE. Western blot analyses of EZH2; SUZ12;
EED; HOXA9; MEIS1; trimethylated, dimethylated, or
acetylated H3K27; p21; a-tubulin; and p-actin were done
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on total cell lysates using specific antisera or monoclonal
antibodies as described previously (35-38). The expression
level of either B-actin or a-tubulin was used as the loading
control for the Western blots. Blots were developed with a
chemiluminescent substrate enhanced chemiluminescence
(Amersham Biosciences, Piscataway, NJ).

RNA Interference and Nucleofection

For siRNA-mediated down-regulation of EZH2, an
EZH2-specific SMARTPool was purchased from Dharma-
con (Lafayette, CO). Nonspecific control siRNA was
purchased from Ambion (Austin, TX). All siRNA experi-
ments were done at a final concentration of 100 nmol/L
duplex siRNA. For nucleofection into K562, U937, or HL-60
cells, Nucleofector Kit V was used (Amaxa, Gaithersburg,
MD). For nucleofection, 5 million low-passage cells were
mixed with duplex siRNA, and cell-specific nucleofection
program (Amaxa) was used to deliver the siRNA duplex
into the nucleus of the cells. Following nucleofection, the
cells were incubated overnight for recovery. Following
this, cells were treated with HDIs for Western blot analyses
or cell cycle effects.

Isolation of Histones

Histones were isolated by a modification of a previously
described method (39). After the designated treatments,
cells were harvested by centrifugation at 700 X g and
incubated on ice-cold histone isolation buffer [10 mmol/L
Tris-HCI, 50 mmol/L sodium bisulfite, 1% Triton X-100,
10 mmol/L MgCl, 8.6% sucrose (pH6.5)] on ice for
30 min. Cells were Dounce homogenized using a type B
pestle. Released nuclei were pelleted, supernatant was
removed, and the nuclei were washed briefly with the
histone lysis buffer. The nuclei were resuspended in 100 uL
ice-cold H,O, 1.2 pL of concentrated H,SO, were added,
and the tubes were incubated on ice for 1 h. The acid-
treated nuclei were centrifuged for 5 min at 15,000 rpm.
The supernatants were removed to a clean microcentrifuge
tube, and 1 mL acetone was added. Histones were
precipitated from the acid extracts overnight at —20°C.
The extracted histones were centrifuged briefly at 10,000
rpm, air dried, and resuspended in 50 pL water. Protein
concentrations were quantitated as described above. For
Western blot, 3 to 5 pg of purified histones were used per
condition.

RNA Isolation and Reverse Transcription-PCR

RNA was extracted from the cultured and primary cells
using the Trizol method (Invitrogen, Carlsbad, CA).
Purified RNA was quantitated and reverse transcribed
using SuperScript II according to the manufacturer’s
protocol (Invitrogen). Resulting cDNAs were used in
subsequent PCRs for EZH2, SUZ12, and EED (primer
sequences available on request). PCRs for p-actin were
used as an internal loading control for the PCRs. PCRs were
carried out in a gradient Mastercycler (Eppendorf, West-
bury, NY) and consisted of a 3-min denaturation at 95°C
followed by 30 cycles of 95°C (30 sec), 52°C (30 sec), and
72°C (30 sec) with a final extension at 72°C (10 min).
Amplified products were resolved on a 2% agarose gel and
recorded with a UV/VIS gel box. Horizontal scanning

densitometry was done with ImageQuant 5.2, and band
intensity was compared with R-actin.

Cell Cycle Analysis

Following the designated treatments, cells were har-
vested and washed twice with 1x PBS and fixed in ethanol
overnight. Fixed cells were washed twice with 1x PBS
and stained with propidium iodide for 15 min at 37°C.
Cell cycle data were collected on a flow cytometer with
a 488 nmol/L laser and analyzed with ModFit 3.0 as
described previously (35-38).

Colony Culture Assay

Following the designated treatments, cells were har-
vested and washed twice with 1x PBS and ~ 500 cells were
plated in complete Methocult (Stemcell Technologies,
Vancouver, British Columbia, Canada) and cultured for
7 to 10 days at 37°C in a 5% CO, environment. Colony
growth was measured as a percentage of the control cell
colony growth as described previously (38).

Leukemia Cell Differentiation

U937 cells were transfected with siRNA over 48 h as
described above. Cells were washed with RPMI 1640 and
treated with 5 nmol/L LBH589 for 5 days. Following this,
cells were centrifuged at 1,000 rpm for 5 min and
resuspended in 100 pL of 5% bovine serum albumin/PBS
for 15 min. Following this, 5 pL Alexa 488-conjugated
anti-CD11b antibody (BD PharMingen, San Diego, CA) and
10 pL propidium iodide (1:100 dilution) were added, and
the cells were incubated on ice for 20 min. The percentage
of CD11b-expressing cells was determined by flow cytom-
etry. In addition, the percentage of morphologically
differentiated cells was estimated using light microscopy
of at least 200 Wright-stained cytospun cells. Morphologic
criteria for differentiation included the presence of all of the
following features: condensation of chromatin, indentation
and lobation of the nucleus, as well as decreased basophilia
and increased amount and eosinophilic granulation of the
cytoplasm.

Nuclear Extract Preparation and HMTase Activity
Assay

K562 cells were transfected with either control or EZH2
siRNA for 48 h. Following this, cells were first washed once
with 1x PBS and subsequently washed in 1x PBS
containing 10 umol/L NazVO, and 50 umol/L NaF. Cells
were lysed in 1x hypotonic buffer, and nuclear extracts
were prepared as described previously (40). To determine
the HMTase activity, a previously described method was
used (41). Five microgram of the nuclear extracts were
combined with 2 pL. of 5x HMTase buffer [250 mmol/L
Tris (pH 9.0), 2.5 mmol/L DTT, 5 mmol/L phenyl-
methylsulfonyl fluoride; Upstate], 0.55 pCi S-adenosyl-L-
methionine, 1 ug recombinant histone H3, and diH,O up to
10 pL. This mixture was gently mixed and incubated at
30°C for 30 min. Following this, 5 uL of each reaction were
transferred to p81 phosphocellulose squares and air dried.
The assay squares were washed thrice for 15 min with 10%
trichloroacetic acid followed by one wash with 95% ethanol
for 5 min. The assay squares were air dried and mixed with
scintillation fluid, and the activity was measured with a
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scintillations counter. The HMTase activity of the samples
was subtracted from the activity of a control sample
without the nuclear extract.

Results

LBH589 and LAQ824 Deplete the PRC2 Complex
Members EZH2, EED, and SUZ12 in a Dose- and Time-
Dependent Manner

We first determined the effects of the pan-HDIs LBH589
and LAQS824 on the levels of the core PRC2 complex
components (i.e., EZH2, SUZ12, and EED) in the cultured
CML K562 and LAMA-84 cells. Exposure to increasing
concentrations of LBH589 or LAQ824 in a dose-dependent
manner decreased the levels of EZH2, SUZ12, and EED in
K562 cells (Fig. 1A). Whereas the depletion of SUZ12 was
pronounced, EED was only modestly depleted (Fig. 1A).
These effects were noted even after a 4-h exposure to
100 nmol/L LBH589 (Fig. 1B). Similar effects were
observed in the cultured AML U937 cells (Fig. 1C). We
next determined the effects of LBH589 and LAQ824 on the
PRC2 complex components in primary CML and AML
cells. Treatment with LBH589 again depleted EZH2 and
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SUZ12 more than EED in a sample each of primary CML-
BC and AML cells (Fig. 1D and E). Similar effects were
observed after exposure to LAQ824 (data not shown).

LBH589 Down-regulates PRC2 Complex — Mediated
Histone Modifications and Causes Hyperacetylation of
H3K27 and of Histone H4

We next determined whether LBH589-mediated deple-
tion of the components of the PRC2 complex is associated
with the loss of H3K27 methyltransferase activity and
decreased levels of trimethylated and dimethylated bulk
H3K27. K562 cells were treated with LBH589 for 24 h and
histones were extracted. As shown in Fig. 2A, exposure to
LBH589 depleted the levels of trimethylated and dimethy-
lated H3K27, with concomitant increase in the level of
acetylated H3K27, suggesting a possible reciprocal rela-
tionship between acetylation and methylation status of
H3K27; however, it is possible that these events may be
unrelated. As was reported previously, LBH589 also
induced the overall lysine acetylation of histone H3 and
H4 (36). Similar effects on H3K27 methylation and
acetylation were also observed in U937 cells (data not
shown). PRC2 complex—mediated methylation of H3K27 is
known to regulate the expression of HOXA9. Therefore, we
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Figure 1. LBH589 and LAQ824 down-regulate members of the PRC2 in a time- and dose-dependent manner in cultured and primary leukemia cells. A,
Western blot analysis of EZH2, SUZ12, EED, and p21 were done from total cell lysates of K662 cells following a 24-h treatment with the indicated doses of
LBH589 or LAQ824. p-Actin levels served as a loading control. B, K562 cells were treated with 100 nmol/L of LBH589 for the indicated times and Western
blots were done for EZH2, SUZ12, and EED on whole-cell lysates as before. 3-Actin levels served as a loading control. C, U937 cells were treated with the
indicated doses of LBH589 for 24 h. Following this, Western blot analysis was done for EZH2, SUZ12, and EED. The levels of p-actin served as the loading
control. D, primary CML cells were treated with the indicated doses of LBH589 for 24 h. Immunoblot analysis was done for EZH2, SUZ12, and EED on the
total cell lysates. The levels of p-actin served as the loading control. E, primary AML cells were treated with the indicated doses of LBH589 for 24 h.
Immunoblot analysis was done for EZH2, SUZ12, and EED on cell lysates. The levels of 3-actin served as the loading control.
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Figure 2. HDIs inhibit H3K27 tri-
methylation and dimethylation and
attenuate levels of HOXA9 and
MEIS1 in cultured and primary leu-
kemia cells. A, K562 cells were
treated with the indicated doses of
LBH589 for 24 h. Following this,
Western blot analysis for trimethy-
lated H3K27 (3M K27 H3), dimethy-
lated H3K27 (2M K27 H3), acetylated
lysine H3K27 (Ac K27 H3), acetyl
histone H3 (Ac histone H3), and
acetyl histone H4 (Ac Histone H4)
were done on acid-extracted histo-
nes. Ponceau-stained histones served
as a loading control. B, K562 cells
were treated with the indicated doses
of LBH589 for 24 h. Following treat-
ment, immunoblot analysis was done
for MEIS1 and p-actin on the total cell
lysates. C, U937 cells were treated
with the indicated doses of LBH589
for 24 h. Following this, immunoblot
analysis was done for HOXA9 and
MEIS1 on the total cell lysates. D,
primary AML cells were treated with
the indicated doses of LBH589 or
LAQ824 for 24 h. Immunoblot analy-
sis was done for HOXA9 and MEIS1
on the total cell lysates. The levels of
-actin served as the loading control.

determined the effects of LBH589 on HOXA9 as well as on
MEIS1 because these two proteins collaborate in the
pathogenesis of AML (30, 31). In K562 and U937 cells,
exposure to LBH589 in a dose-dependent manner down-
regulated HOXA9 and MEIS1 expressions (Figs. 2B and C).
LAQ824 exerted a similar effect in U937 cells (data not
shown). Both drugs also depleted HOXA9 and MEIS1
levels in two primary AML samples (Fig. 2D).

Treatment with EZH2 siRNA Depletes the Levels of
PRC2 Components

We next determined the effects of EZH2 siRNA on PRC2
complex and its activity in K562 cells. Transfection of EZH2
siRNA into the K562 cells resulted in down-regulation of
the EZH2 mRNA levels in 24 h by ~ 60%, without a similar
effect on the mRNA levels of SUZ12 or EED (Fig. 3A).
However, treatment with EZH2 siRNA not only decreased
the protein levels of EZH2 but also resulted in modest
depletion of the levels of SUZ12 and EED (Fig. 3A). To
determine the combined effects of EZH2 siRNA and
treatment with LBH589, we transfected K562 cells with
the control or EZH2 siRNA over 48 h with or without the
concurrent treatment with 100 nmol/L LBH589 during
24 to 48 h. Exposure to LBH589, along with the control
siRNA, again depleted the levels of SUZ12, with less

reduction in the levels of EED (Fig. 3B). However, under
these conditions of culture, LBH589 was less effective in
depleting the levels of SUZ12 and EED. In contrast,
cotreatment with LBH589 enhanced EZH2 siRNA-medi-
ated depletion of SUZ12 and EED levels. Concomitantly,
siRNA to EZH2 also sensitized the cells to LBH589-
mediated induction of p21. Treatment with LAQS824
(250 nmol/L) produced similar effects on the components
of the PRC2 complex (data not shown). This suggests that
EZH?2 siRNA treatment renders K562 cells more sensitive
to LBH589- or LAQ824-mediated decline in the levels of
EED and SUZ12. We next determined the effects of EZH2
siRNA on HMTase activity in the nuclear extracts of K562
cells. Figure 3C shows that unlike the control siRNA,
transfection of EZH2 siRNA produced marked reduction
in the H3K27 methyltransferase activity in K562 cells. As
was observed following exposure to LBH589, treatment
of K562 cells with EZH2 siRNA was also associated with
depletion of the levels of trimethylated and dimethylated
H3K27, with concomitant increase in the level of acetylated
H3K27 (Fig. 3D). We also determined the apoptotic effects
of combined treatment of control siRNA or EZH2 siRNA
and LBH589. The combination of EZH2 siRNA and LBH589
did not result in greater apoptotic effects than control
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siRNA-transfected cells treated with LBH589 (data not
shown).

Combined Effects of siRNA to EZH2 and pan-HDIs
on PRC2 Complex Components, Differentiation, and
Clonogenic Survival of AVIL Cells

We next determined the effects of treatment with EZH2
siRNA and/or the pan-HDI LBH589 on the levels of the
components of the PRC2 complex and clonogenic survival
of AML cells. HL-60 and U937 cells were nucleofected with
100 nmol/L control or EZH2 siRNA for 48 h with or
without the concurrent treatment with LBH589 during 24 to
48 h. EZH2 siRNA treatment alone depleted the protein
levels of EZH2, SUZ12, and EED in AML cells (Fig. 4A
and B). As was seen for the CML K562 cells (Fig. 3B),
cotreatment with LBH589 enhanced EZH2 siRNA-medi-
ated decline in the levels of EZH2, SUZ12, and EED in U937
(Fig. 4A) and HL-60 cells (Fig. 4B). As compared
with treatment with either agent alone, cotreatment with
LBH589 and EZH?2 siRNA also induced more p21 (Fig. 4A).
Whereas treatment with EZH2 siRNA alone induced the
expression of HOXA9, combined treatment with LBH589
(25 nmol/L) and EZH2 siRNA depleted HOXA9 and
MEIS1 levels in U937 cells (data not shown). Notably,
compared with treatment with either agent alone, cotreat-
ment with LBH589 and EZH2 siRNA increased the loss of

Figure 3. EZH2 siRNA enhances A K562

HA-HDI - mediated down-regulation
of other PRC2 components, depletes
HMTase activity of EZH2, and inhibits
trimethylation and dimethylation of
histone H3K27 in cultured leukemia
cells. A, K562 cells were nucleo-
fected with 100 nmol/L of either
control siRNA or EZH2 siRNA and
incubated for 24 h at 37°C. Total
RNA was used for reverse transcrip-

Untransfected control
Control siRNA,

100 nM, 24 hr
EZH2 siRNA,

100 nM, 24 hr
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clonogenic survival of HL-60 and U937 cells (Fig. 4C). We
next determined the effect of treatment with EZH2 siRNA
and/or LBH589 on the differentiation of U937 cells.
Differentiation was assessed by morphologic evaluation
of Wright-stained cells and induction of CD11b expression
by flow cytometry. Figure 5A and B shows that, compared
with treatment of U937 cells with EZH2 siRNA alone,
cotreatment with LBH589 and EZH2 siRNA resulted in
significantly more CD11b expression and more morpho-
logically differentiated cells (P < 0.05). Notably, in the
clonogenic survival and differentiation studies, lower
concentrations of LBH589 (2.5-5 nmol/L) were used
(Figs. 4C and 5).

Discussion

Findings presented here show that treatment with the HA-
HDIs LBH589 and LAQ824 or EZH2 siRNA down-
regulates EZH2 and the other core components SUZ12
and EED of the PRC2 complex in human acute leukemia
cells. This correlated with decreased HMTase activity of
EZH2 and reduced trimethylation and dimethylation of
H3K27. The protein levels of PRC2 members are in part
dependent on the presence of the other partners in the
complex and are unstable outside of a functional PRC2
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complex (12, 41). Previous studies have also shown that,
although it contains the Su(var)3-9, enhancer of zeste, and
trithorax domain for HMTase activity for H3K27, to gain
catalytic activity EZH2 requires association with SUZ12
and EED (41). Therefore, the depletion of the PRC2
complex components due to treatment with HA-HDI or
EZH?2 siRNA results in the attenuation of HMTase activity
of EZH2 and decreased trimethylation and dimethylation
of H3K27 in the leukemia cells. Because EZH?2 recruits class
I HDACs through their interaction with EED to PRC2 and
H3K27 (33), depletion of the PRC2 complex components by
EZH2 siRNA and/or HA-HDI also concomitantly pro-
motes the acetylation of H3K27. Whether the mechanism by
which the HA-HDIs, such as LBH589, deplete EZH?2 levels
is transcriptional, post-transcriptional, or increased protein
degradation is not described here but is currently under
investigation in our laboratory.
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Figure 4. EZH2 siRNA enhances HA-HDI-mediated depletion of the

PRC2 complex components and loss of clonogenic survival of AML cells.
A, U937 cells were transfected with control siRNA or EZH2 siRNA for
24 h followed by a 24-h treatment with 25 nmol/L LBH589. Following this,
immunoblot analysis of EZH2, SUZ12, EED, and p21 was done. The levels
of p-actin served as the loading control. B, HL-60 cells were transfected
with control siRNA or EZH2 siRNA for 24 h followed by a 24-h treatment
with 50 nmol/L LBH589. Following this, immunoblot analysis of EZH2,
SUZ12, and EED was done. The levels of p-actin served as the loading
control. C, U937 and HL-60 cells were transfected with control or EZH2
siRNA for 24 h. The cells were treated for an additional 24 h with 2.5 or
5.0 nmol/L of LBH589. Cells were washed free of the drug and plated
in methylcellulose for 8 d. Following this, the colony growth was
determined and expressed as percentage of control colony growth in the
bar graphs.
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Figure 5. EZH2 siRNA enhances sensitivity to LBH589-mediated

differentiation of AML cells. A, U937 cells were nucleofected with control
or EZH2 siRNA and incubated with 5 nmol/L LBH589 for 5 d. The
percentages of differentiated, CD11b-positive cells were determined by
flow cytometry. Columns, mean of three experiments; bars, SE. B,
alternatively, the percentage of morphologically differentiated cells was
determined following Wright staining of cytospun cells. Columns, mean of
three experiments; bars, SE.

EZH?2 is often deregulated in many cancer cell types,
including prostate, breast, bladder, cutaneous melanoma,
and non-Hodgkin’s lymphoma (3, 4, 13-18). Although
EZH? locus is amplified in some cancers (19), EZH2 is also
induced by E2F transcription factors (19). Both pRB and p16
repress EZH2 (14, 19). Transcriptionally active p53 has also
been shown to suppress EZH2 expression (20). Taken
together, these observations explain why EZH2 expression
is deregulated in a variety of cancers (14-18). Our
preliminary findings show that both cultured and primary
AML cells express significant levels of EZH2 protein. This
has to be confirmed in a larger sample size of acute
leukemia cells. In previous reports, EZH2 overexpression
has been shown to increase proliferation, promote invasive
potential, and inhibit differentiation (13-17, 34). Notably,
EZH2 has oncogenic activity in breast cancer and multiple
myeloma cells, where cell transformation and tumor
formation requires HMTase activity of EZH2 (16, 25).
Conversely, EZH2 down-regulation results in growth arrest
and differentiation but not apoptosis (18, 33). In the present
studies, we also observed an inhibition of colony growth
but not apoptosis of the cultured AML cells following
depletion of EZH2 as well as of SUZ12 and EED, by EZH2
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siRNA. Treatment with levels of LBH589 and LAQ824 that
results in growth arrest, differentiation, and apoptosis was
also noted to deplete EZH2, SUZ12, and EED in the CML
and AML cells (36, 38). However, the precise mechanistic
link between the depletion of the PRC2 complex compo-
nents and LBH589- or LAQ824-induced growth arrest,
differentiation, and loss of clonogenic survival was not
established. As noted above, previous reports have shown
that EZH2 interacts with and recruits class I HDACs to
PRC2 through EED (33). Importantly, EZH2-mediated gene
silencing and invasive potential of breast cancers was also
noted to be dependent on HDAC activity (16, 18). Our
findings are consistent with this in showing that cotreat-
ment with the HA-HDI LBH589 augments EZH2 siRNA -
mediated depletion of the PRC2 complex components as
well as induction of differentiation. Furthermore, cotreat-
ment LBH589 also enhanced EZH2 siRNA-mediated loss
of clonogenic survival of the AML cells.

Although not studied here, the binding to chromatin
and gene silencing by PRC1 complex, which consists of
>10 subunits, including BMI-1 and the HPC proteins,
requires PRC2 complex—mediated trimethylation of H3K27
(6, 42, 43). Notably, PRC1, PRC2, and trimethylated H3K27
cooccupy >1,000 silenced genes, but 40 genes are dere-
pressed in human embryonic fibroblasts depleted of PRC2
components and BMI-1 (44). Of these, HOXAY is repressed
by PRC2 complex—mediated trimethylation of H3K27 and
induced by the knockdown of SUZ12 (5). Recently, PRC1
complex has been shown to induce H2AK119 ubiquitin E3
ligase activity, which is associated with the repression of
HOX genes (45). Therefore, our findings that treatment
with EZH2 siRNA, which depletes the levels of PRC2
components and trimethylation of H3K27, increases the
levels of HOXA9 is consistent with these reports. In addi-
tion, our additional findings that treatment with HA-HDIs
depletes HOXA9 levels are also consistent with the
previous report that HDAC activity is essential for the
expression of HOXA9 and for the endothelial commitment
of progenitor cells (46). We further show that treatment
with HA-HDIs alone or cotreatment with EZH2 siRNA
depleted HOXA9 and MEISI levels but induced p21 in the
AML cells. This was associated with significantly dimin-
ished clonogenic survival but increased differentiation of
the AML cells. Transplantation of murine bone marrow
cells retrovirally transduced with HOXA9 or the nucleo-
porin (NUP98)-HOXA9 fusion leads to AML, which is
greatly accelerated by the coexpression of MEISI gene
(30—-32). Therefore, by depleting HOXA9 and MEIS1 levels,
cotreatment with EZH2 siRNA and LBH589 may disrupt
the biological synergy between the two genes in inducing
myeloid leukemia. This suggests that combined treatment
with antagonists of PRC2 complex and HA-HDIs may be
an attractive targeted therapy against AML with coex-
pression of HOXA9 and MEIS1.

Whereas BMI-1 is necessary for the self-renewal of hema-
topoietic stem cells, EZH2 has also been shown to prevent
stem cell exhaustion in hematopoietic tissue (47, 48). By
down-regulating EZH2 and PRC2, and thereby impairing

Molecular Cancer Therapeutics 3103

BMI activity, cotreatment with LBH589 and EZH2 siRNA
may also target and deplete leukemia stem cell. However,
this has to be directly probed and established. In addition,
as noted above, EZH2 can interact with and recruit DNA
methyltransferases and thereby promote DNA methylation
of EZH2-targeted promoters and their repression (6, 7).
Taken together with the findings presented here, these
observations create a strong rationale to develop and test
the in vivo efficacy of a combination of anti-EZH2 and a
HA-HDI against AML because this would abrogate three
separate mechanisms of epigenetic silencing that promote
growth and suppress differentiation. Our preclinical find-
ings support the development of a targeted therapy against
EZH2 for AML. This could potentially be of two kinds. One
that inhibits the binding of EZH2 with EED, a critical
interaction required for EZH2 HMTase activity. The second
could be an inhibitor of the COOH-terminal Su(var)3-9,
enhancer of zeste, and trithorax domain of EZH2, which
mediates the histone lysine methyltransferase activity of
the PRC2 complex. This therapeutic strategy has become
more attractive, given the recent approval of the DNMT1
inhibitors decitabine and azacytidine for the treatment of
advanced stages of myelodysplastic syndromes that often
culminate in AML (49).
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Heterogeneity in detecting Abl kinase mutations and better sensitivity using circulating

plasma RNA
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Most studies test for mutations in the kinase domain of the ab/
gene in chronic myeloid leukemia (CML) using peripheral blood
(PB) cells. Frequently, progression of the disease manifests
with increased blasts in bone marrow (BM) and not in PB.
Simultaneous analysis of plasma, PB cells and BM cells from 41
imatinib-resistent CML patients showed mutations in 63% of PB
cells and 68% of plasma or BM cells (P=0.04). In discordant
patients, 13 mutations were detected in plasma, 11 in BM cells
and 9 in PB cells. The T315] mutation was detected in plasma
and BM but not PB cells in one patient. We detected no
mutations in the plasma of 45 previously untreated CML
patients, but two of these patients showed mutations in plasma
and not cells by 9 months on therapy. Circulating plasma mRNA
is a reliable alternative to BM mRNA for detecting ABL
mutations.

Leukemia (2006) 20, 1989—-1991. doi:10.1038/sj.leu.2404355;
published online 24 August 2006
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Introduction

Chronic myelogenous leukemia (CML) is caused by chromoso-
mal translocations resulting in a fusion protein, BCR-ABL, with
constitutive tyrosine kinase activity. Monotherapy with imatinib,
a specific inhibitor of BCR-ABL tyrosine kinase activity, is
effective for all stages of CML.'"” However, a minority of
chronic-phase CML patients and many with advanced disease
are initially refractory to imatinib, or develop resistance to it
during treatment.*> The most common resistance mechanism is
the appearance and clonal selection for point mutations in the
ABL kinase domain that partially reduce or completely abrogate
the binding affinity of imatinib for its target.*”

It is important to identify what mutations, if any, are present in
the BCR-ABL kinase domain of imatinib-resistant patients
because the choice of subsequent therapy may depend upon
the properties of the mutations present. For example, resistance
caused by some mutations that only partially compromise drug
binding may be overcome by escalation of the imatinib dose,
whereas resistance caused by mutations that completely
preclude drug binding, such as T315l, cannot be and will
require alternative therapy.>®° Mutations in the ABL kinase
domain are identified by sequencing reverse transcriptase-
polymerase chain reaction (RT-PCR) products amplified from
BCR-ABL mRNA, which is usually prepared from peripheral
blood (PB). This approach assumes that the leukemic cells in PB
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contain ABL domain mutations that are representative of the
total population. However, disease progression in CML patients
frequently manifests with increased blasts in bone marrow (BM)
rather than in PB. Our previous work has shown that plasma
prepared from PB contains tumor-specific DNA, RNA and
proteins.'%™'3 Therefore, we analyzed whether BCR-ABL kinase-
domain mutations detected in plasma correlated with mutations
detected in PB and BM cell samples from imatinib-resistant CML
patients. Plasma samples from imatinib-sensitive CML patients
were also analyzed to assess the reliability of plasma for the
detection of mutations during the course of treatment.

Methods

Parallel BM, PB and plasma samples were obtained from
imatinib-resistant CML patients according to IRB-approved
protocol. Resistance was defined as failure to achieve or loss
of a complete hematologic response after 3 months of therapy or
failure or loss of at least a minimal cytogenetic response after 6
months of therapy. Samples were prepared for RT-PCR as
described.” An 863bp RT-PCR product encompassing the
kinase domain of BCR-ABL was amplified using a forward
primer that annealed in BCR exon b2 and a reverse primer that
annealed at the junction of ABL exons 9 and 10.” The products
were sequenced in forward and reverse directions using dye
terminator chemistry and an ABI sequencer (Applied Bio-
systems, Foster City, CA, USA).

Results and discussion

Parallel samples from BM cells, PB cells and plasma from 41
imatinib-resistent CML patients were tested for the presence of
mutations in the ABL kinase domain. Mutations in the ABL
kinase domain of BCR-ABL were determined by bi-directional
sequencing of RT-PCR products. For 33 of 41 (80%) patients,
sequencing results were consistent among the three types of
samples (Table 1). Only 63% of cases had mutation when PB
cells were used, whereas 68% of samples had mutations when
plasma or BM cells were used (P=0.04). Thirteen of 41 (32%)
patients had a wild-type BCR-ABL kinase domain with no
amino-acid changes, using the three sample types. Thirteen
different amino-acid changes were detected in all three sample
types from 20 patients (Table 1). Two of these patients had more
than one mutation. Mixed populations of wild-type and mutant
kinase domains were detected in all three sample types in six of
these 13 cases (46%) (Table 1).

In eight of 41 (20%) imatinib-resistant patients, discordance in
detecting ABL kinase mutations was noted between BM cells,
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Table 1 Results of BCR-ABL mutation in BM cells, PB cells and plasma samples from imatinib-resistant CML patients
No. of patients BM Plasma PB
Concordant results
13 None None None
2 M244v M244V M244v
3 G250E G250E G250E
1 G250E, F359I G250E, F359I G250E, F359l
1 G250E, F359V G250E, F359V G250E, F359V
1 Y253F Y253F Y253F
1 F3111 F3111 F3111
1 F311L F311L F311L
2 T315l T315I T315l
1 F317L F317L F317L
1 L.324Q L.324Q L324Q
1 M351T M351T M351T
3 F359Vv F359Vv F359Vv
1 L387M L387M L387M
1 K459Q K459Q K459Q
Discordant results
1 Y253F Y253F None
1 E255K E2556K None
1 D276G, Y456C D276G D276G, F486S
1 V299L, T315l, E355G T315I, E355G V290L, E355G
1 M351T MB351T, S481silent® M351T
1 M351T M351T, E279E M351T, F359V
1 L387M L387M, K271R L387M
1 E453K E453K, F311L E453K
Abbreviations: BM, bone marrow; CML, chronic myeloid leukemia; PB, peripheral blood.
2Silent, nucleotide change did not cause an amino-acid substitution.
plasma and PB cells (Table 1). Among the eight patients with a b c
discordant results, 13 different mutations were detected in [ ccce lf_FT T ceacThe CATGAMIEAGT
plasma, 11 in BM cells and 9 in PB cells. Representative 'Iﬁ\_nfk ‘\ M j'{. |l'| MW _-[
sequences from patients with discordance are shown in Figure 1. PB cammeHL s L C'ﬁ}-_@;\ L
Interestingly, in all cases, the detection of the mutant peak is ng:, m : i Wl
more obvious in the plasma samples than in the cells samples. | {WU ‘f& ’\ lﬂ' [
The plasma RNA appeared more enriched by the mutant BCR- p 5 S P
ABL mRNA (Figure 1). We speculate that the cells that carry the SR FCT_’ “J:I T CATRAFBAGY
mutation have higher proliferation and apoptosis and turnover, UWM ﬁM \ {’1 H\&
which leads to higher relative ratio of mutant mRNA. In one . ,.--r,—;J;T,.T- = Torses 1 ML
patient, the highly resistant T3151 mutation was also detected in BN Vﬁ"‘mﬁf fin W, \ ) l r
plasma and BM, but not in PB cells (Table 1). A silent mutation, | i _"I\__f LM ' AT
a nucleotide substitution that did not result in an amino-acid '
CCAETWC

change, was detected in plasma, but not in BM or PB from one
patient (Table 1).

PB, BM and plasma samples from 45 imatinib-sensitive CML
patients were analyzed. None showed a mutation in the BCR-
ABL kinase domain before imatinib treatment. However, in
follow-up samples from PB cells and plasma during treatment
with imatinib, two of these patients showed the appearance of
mutations in plasma, but not in PB cells. One had F311L
mutation at 6 months on therapy and the second patient had a
silent mutation at G303 at 3 months. Both mutations dis-
appeared at subsequent sampling. One additional patient from
this group showed transient F486L mutations at 9 months on
therapy in both plasma and PB cell samples. This mutation
disappeared by 12 months. A fourth patient showed the E255V
mutation in both plasma and PB cells at 6 months with evidence
of resistance.

This study not only shows that PB cells are the best source for
testing for ABL kinase mutations, but also confirms the value of
plasma as a source of RNA for monitoring patients with CML.
Our study shows that when plasma is used, the chance of
detecting mutation in the ABL kinase domain is better than
when PB and BM cells are used. This is consistent with previous
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Figure 1 Examples of forward and reverse sequencing of BCR-ABL

mRNA from PB cells, BM cells and plasma in patients with discordant
results. Panel a shows the detection of 931T>C (F311L) mutation in
plasma, but not in PB or BM cells, although a minor, not diagnostic
peak is seen in BM cells. In panel b, both plasma and BM cells show
the detection of 758A>T (Y253F), but not in PB cells. In panel c, the
three sample types show the detection of 944C>T (T315I) mutation,
but the plasma shows that almost all the analyzed RNA is of the
mutant clone, whereas the PB and BM cells show significant RNA
generated from the unmutated clone.

results showing that DNA, RNA and proteins from leukemic
cells are found in plasma and plasma is enriched by RNA from
aggressive subclone.''® Our data show that free RNA from
K562 cells is immediately degraded when added to normal
plasma, but when K562 cell lysate is added, the BCR-ABL RNA



can easily be detected (data not shown). This suggests that the
RNA detected in the plasma of these patients is most likely not
free and perhaps complexed with other proteins. This RNA is
most likely resulting from the turnover of cells in various tissues.

The data presented here also support the concept that
imatinib-resistant patients have multiple clones of leukemic
cells, some containing the wild-type BCR-ABL kinase domain
and some a mutated BCR-ABL. This not only indicates that
sensitive means must be used to detect subclones, but also
suggests that factors other than mutations may play a significant
role in the imatinib resistance.

In summary, plasma is a reliable source for mRNA for the
detection of BCR-ABL mutations and can be used as an
alternative to BM, but PB cells may not be adequate to rule
out the presence of mutations in the BCR-ABL kinase domain.
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Abstract

Dasatinib (BMS-354825) is a novel, oral, potent, multi-
targeted kinase inhibitor of Bcr-Abl and Src family kinases
(SFK) and is a promising cancer therapeutic agent.
Preclinical data indicate that dasatinib is 325-fold more
potent than imatinib against cells expressing wild-type
Ber-Abl, and that dasatinib is active against 18 of 19
Ber-Abl mutations known to cause imatinib resistance.
Phase | clinical data show that dasatinib is well tolerated
and highly effective for the treatment of imatinib-resistant/
imatinib-intolerant chronic myelogenous leukemia (CIVL)
and Philadelphia chromosome - positive acute lymphoblas-
tic leukemia. However, the molecular mechanism of action
of dasatinib is not fully understood. In this study, we
confirm that dasatinib inhibits tyrosine phosphorylation of
SFKs, including Src, Hck, and Lyn, in K562 human CNML
cells. Significantly, downstream signal transducer and
activator of transcription 5 (Statb) signaling is also
blocked by dasatinib as shown by decreases in levels of
phosphorylated Stat5 and Stat5 DNA-binding activities. In
addition, dasatinib down-regulates expression of Statb
target genes, including Bcl-x, Mcl-1, and cyclin D1.
Consistent with these results, blockade of Stat5 signaling
by dasatinib is accompanied by inhibition of cell prolifer-
ation and induction of apoptosis. Surprisingly, Statb
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DNA-binding activities are enhanced with increasing cell
density, which is associated with resistance to apoptosis
by dasatinib. Our findings indicate that inhibition of Statb
signaling downstream of Bcr-Abl/SFKs contributes to the
action of dasatinib, and, conversely, that increasing cell
density up-regulates Statb activation and confers resis-
tance to dasatinib. Moreover, the level of phosphorylated
Statb in CML cells represents a mechanistically relevant
biomarker for monitoring inhibition of Bcr-Abl signaling by
dasatinib in CML patients using convenient immunocyto-
chemical assays. [Mol Cancer Ther 2007;6(4):1400 - 5]

Introduction

Signal transducer and activator of transcription (STAT)
proteins have been shown to have a major role in survival,
proliferation, angiogenesis, and immune evasion of tumors
(1-7). One STAT family member (Stat5) is often persistent-
ly activated in blood malignancies by non-receptor
tyrosine kinases such as Ber-Abl, Src, and other Src family
kinases (SFK; refs. 1, 8-11). Furthermore, constitutive
activation of Stat5 up-regulates the expression of genes,
including Bcl-x, Mcl-1, and cyclin D1/2, which are asso-
ciated with survival and proliferation in chronic myelog-
enous leukemia (CML) cells (11-14). Taken together,
increasing evidence indicates that persistent activation
of Stats and consequent deregulation of downstream
gene expression contribute to malignant progression in
CML (1, 7, 15).

Dasatinib is a potent tyrosine kinase inhibitor that
targets Ber-Abl and SFKs (16, 17). Preclinical data indicate
that dasatinib is ~2 orders of magnitude more potent
than imatinib against cells expressing wild-type Bcr-Abl
(18). Furthermore, phase I clinical trials indicate that
dasatinib is a promising therapeutic agent for imatinib-
resistant/imatinib-intolerant CML patients. Recently,
dasatinib has been approved by the Food and Drug
Administration and the European Union in all stages of
CML and Philadelphia chromosome—-positive acute lym-
phoblastic leukemia resistant or intolerant to prior
therapy. However, the molecular mechanism by which
dasatinib induces growth arrest and apoptosis of CML
cells downstream of Ber-Abl is not fully understood.
In the present study, we report that dasatinib blocks SFK
and Stat5 signaling and down-regulates Bcl-x, Mcl-1, and
cyclin D1 expression associated with inhibition of proli-
feration and induction of apoptosis in CML cells. In
addition, increasing cell density up-regulates Stat5 activity
and confers resistance to dasatinib. Taken together, our
data indicate that inhibition of Stat5 signaling downstream
of Ber-Abl/SFKs contributes to the mechanism of action
of dasatinib in CML.

Mol Cancer Ther 2007;6 (4). April 2007



Materials and Methods

Cell Lines and Reagents

K562 human CML and HL-60 human promyelocytic
leukemia cells were obtained from the American Type
Culture Collection (Manassas, VA). HL-60/Bcr-Abl
(expressing ectopic Ber-Abl protein) and Re-HL-60/Bcr-
Abl (imatinib-resistant cells expressing Bcr-Abl protein)
were described previously (19). All cells were cultured in
RPMI 1640 containing 10% fetal bovine serum. Monoclonal
antibodies to Abl, phosphorylated tyrosine, and cyclin D1
were obtained from BD Biosciences (San Diego, CA).
Polyclonal antibodies to phosphorylated Stat5 (p-Stat5;
Tyr®*) and phosphorylated Src (Tyr*'*/4*%) were obtained
from Cell Signaling Technologies (Cambridge, MA). Poly-
clonal antibodies to Stat5, Bcl-x, Mcl-1, phosphorylated
Hck, Hek, and p-actin were from Santa Cruz Biotechnology
(Santa Cruz, CA). Monoclonal antibody to c-Src was
obtained from Upstate Biotechnology (Lake Placid, NY).

Immunoprecipitation and Western Blot Analyses

Immunoprecipitations and Western blots were done as
described previously, with minor modifications (4, 11).
Briefly, cell lysates (500 pg) were incubated with Abl
antibody at 4°C followed by protein A/G-agarose beads
(Pierce, Rockford, IL). Immunoprecipitates or whole-cell
lysates were resolved by SDS-PAGE and immunoblotted
with specific antibodies. Primary phospho-specific anti-
bodies were incubated in TBS (pH 7.5) with 0.1% Tween
20 and 5% bovine serum albumin with gentle agitation
overnight at 4°C. Horseradish peroxidase—conjugated
secondary antibodies were incubated in TBS (pH 7.5) with
5% nonfat milk and 0.1% Tween 20 at a 1:2,000 dilution for
1 h at room temperature. Positive immunoreactive proteins
were detected using the ECL system (Pierce).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays were done as
described in detail previously (11). To assess Stat5 DNA-
binding activity, 8 ug of nuclear protein extract was
incubated with ?P-radiolabeled oligonucleotide probe
containing the mammary gland factor element, derived
from the bovine f-casein gene promoter (5-AGATTTCTAG-
GAATTCAA-3’; ref. 11). For supershifts, 1 pL of antibody to
Stats was preincubated with nuclear extract for 30 min
before addition of the **P-labeled mammary gland factor
element probe. Resolution of protein-DNA complexes was
done by 5% nondenaturing PAGE and detected by
autoradiography.

Viability and Apoptosis Assays

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)
-2-(4-sulfophenyl)-2H-tetrazolium assays were done for cell
viability as described by the supplier (Promega, Madison,
WI). Cells were seeded in 96-well plates (10,000 per well),
incubated overnight at 37°C in 5% CO,, and exposed to
dasatinib for the indicated times. DMSO was used as the
vehicle control. Viable cell numbers were determined by
tetrazolium conversion to its formazan dye, and absorbance
was measured at 490 nm using an automated ELISA plate
reader. Apoptosis assays based on loss of membrane
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integrity were carried out using Annexin V-FITC as
described by the supplier (BD Biosciences PharMingen,
San Diego, CA). Cells were analyzed using a FACScan flow
cytometer to quantify fluorescence.

Statistical Analysis

We compared the means of our two-sample assays by
using Dunnett’s two-sided ¢t tests for controlling the type I
error rate under multiple comparisons. For all analyses,
P < 0.01 was considered statistically significant.

Results and Discussion

Dasatinib Inhibits Tyrosyl Phosphorylation of SFKs in
CML Cells

Previous studies showed that dasatinib reduced the
levels of phosphorylated Abl in imatinib-resistant mouse
Ba/F3 cells expressing recombinant Ber-Abl (17, 18). To
confirm that dasatinib inhibits tyrosyl phosphorylation of
endogenous Ber-Abl in human CML cells, immunopreci-
pitates were prepared from lysates of K562 cells treated
with dasatinib for 4 h. Dasatinib substantially reduced the
levels of phosphorylated Bcr-Abl at 1 nmol/L after 4 h
treatment (Fig. 1A), in agreement with a prior study
showing that dasatinib inhibits Abl kinase activity at 1 to
10 nmol/L in Ba/F3 mouse cells expressing Ber-Abl (17).

Originally, dasatinib was selected as a small molecule in-
hibitor of SFKs (16). We also showed that dasatinib directly
inhibits the kinase activities of Src and other SFKs in
human prostate cancer cells both in vitro and in vivo (20).
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Figure 1. Dasatinib blocks Bcr-Abl and SFK activities. A, inhibition of

Ber-Abl phosphorylation in intact cells. K562 human CML cells were
treated with dasatinib in a dose-dependent manner for 4 h. Cell lysates
(500 pg) were immunoprecipitated with specific antibody to Abl (anti-Abl)
at 4°C and then incubated with protein A/G-agarose beads. After bead
complexes were washed with immunoprecipitation (/P) buffer, samples
were boiled, resolved by SDS-PAGE, and immunoblotted with antibodies
to phosphorylated tyrosine (anti-pTyr) or c-Abl protein. B, dasatinib
reduces phosphorylation levels of c-Src (Y416/419) and other SFKs in
intact cells. CML cells were treated with dasatinib in a dose-dependent
manner for 4 h. Western blot analysis was done with specific antibodies to
phosphorylated Src (p-Src) family and total Src protein. C, dasatinib
reduces levels of phosphorylated Hck (p-Hck) and phosphorylated Lyn
(p-Lyn). Cell lysates used in (B) were immunoblotted with antibodies to
phosphorylated Hck and total Hck protein. Lysates were immuno-
precipitated with antibody to Lyn and then blotted with antibody to
phosphorylated Src family (Y416/419), which cross-reacts with tyrosyl
autophosphorylated p-Lyn (Y396).
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Figure 2. Dasatinib inhibits Stat5 signaling in K562 CML cells. A,

whole-cell lysates were immunoblotted with specific antibodies to p-Statb
(Y694) and total Stat5. B, dasatinib inhibits Stat5 dimer (Stat5:Statb)
DNA-binding activity. EMSA was done to assess Stat5 DNA-binding
activity in nuclear extracts. Supershift with anti-Stat5 antibodies (a-Stat5)
confirms that the DNA-binding activity corresponds to Stat5.

To examine the effects of dasatinib on autophosphoryla-
tion levels of Src and other SFKs in CML cells, Western
blot analyses were done. A dose-dependence study using
whole-cell lysates prepared 4 h after treatment with
dasatinib revealed significant decreases in autophosphor-
ylation levels of Src and other SFKs (Fig. 1B, top) at
1 nmol/L, whereas dasatinib did not affect total Src
protein levels (Fig. 1B, bottom). Previous studies showed
that the Src family members Hck and Lyn bind to Ber-Abl
in CML cells and have an important role in cell growth
and survival of hematopoietic cells (9, 10). To identify the
SFKs in K562 cells inhibited by dasatinib, we did
immunoprecipitation and Western blot analyses with cell
lysates used in Fig. 1B. A dose-response study showed a
decrease in levels of phosphorylated Hck at 1 nmol/L of
dasatinib (Fig. 1C, top), whereas dasatinib reduced levels
of phosphorylated Lyn at 10 nmol/L (Fig. 1C, bottom).
These results indicate that dasatinib is a potent inhibitor
of Src and Hck kinases and, to a lesser extent, Lyn kinase
in CML cells.

Dasatinib Inhibits Statb Signaling

Constitutive activation of Ber-Abl and SFKs results in
persistent tyrosyl phosphorylation of Stat5, which trans-
locates to the nucleus and binds to the promoters of genes
(1, 15). Western blot analysis using a specific antibody to
tyrosyl p-Stat5 revealed that levels of p-Stat5 at Tyr®* were
substantially reduced by 1 nmol/L dasatinib, whereas
levels of total Stat5 protein remained unchanged (Fig. 2A).
Consistent with these results, nuclear Stat5:Stat5 dimer
DNA-binding activity, as measured by electrophoretic
mobility shift assay, was also inhibited in a dose-dependent
manner (Fig. 2B). SFKs are associated with Ber-Abl and
cooperate with Bcr-Abl in activation of Stat5 signaling
during hematopoietic cell transformation (9, 10, 21). Thus, it
is likely that dasatinib blocks Stat5 signaling by inhibiting
both Ber-Abl and SFKs.

It was important to assess if inhibition of the Statb
signaling pathway by dasatinib is associated with reduced
cell viability in CML and Ber-Abl/Stat5—positive leukemia
cells. Human promyelocytic leukemia cells HL-60 (lacking

Ber-Abl), HL-60/Bcr-Abl (expressing ectopic Ber-Abl), and
Re-HL-60/Bcr-Abl (imatinib-resistant cells expressing ec-
topic Ber-Abl) were used to investigate if dasatinib activity
is dependent on Bcr-Abl/Stat5 signaling in human leuke-
mia cells. Previous studies showed that HL-60 cells lack
detectable levels of p-Stat5, consistent with low expression
of total endogenous Stat5 proteins in these cells (22, 23).
In this study, we show that K562, HL-60/Bcr-Abl, and Re-
HL-60/Bcr-Abl cells contain high levels of constitutively
active StatS protein, whereas HL-60 cells lack activated
Stat5 protein (Fig. 3A and B). Dasatinib reduced levels of
p-Stats and inhibited Stat5 DNA-binding activity in
Ber-Abl/Stat5-positive leukemia cells (Fig. 3A and B).
Consistent with inhibition of Stat5 activation, dasatinib
significantly inhibited cell viability in Ber-Abl/Stat5-
positive leukemia cells, but not in HL-60 cells lacking Stat5
expression and activity (Fig. 3C). These findings indicate
that blockade of the Stat5 signaling pathway by dasatinib
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Figure 3. Dasatinib inhibits Stat5 signaling and reduces cell viability in
Ber-Abl - positive cells. K562 CML, HL-60/Neo (lacking Ber-Abl), HL-60/
Ber-Abl (expressing ectopic Bcr-Abl), and Re-HL-60/Bcr-Abl (imatinib-
resistant cells expressing Bcr-Abl) cells were treated with 1 nmol/L
dasatinib for 4 h. A, Bcr-Abl induces Stat5 activation and dasatinib
reduces levels of p-Stat5 in Bcr-Abl-positive cells. Whole-cell lysates
were immunoblotted with specific antibodies to p-Statb (Y694) and total
Stat5. B, dasatinib inhibits Stat5 dimer (Stat5:Stat5) DNA-binding activity
in Becr-Abl - positive cells. EMSA was done with nuclear extracts. C, 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium assays were done to determine effects of dasatinib on cell
viability. Cells were treated with 1 nmol/L dasatinib for 48 h. 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium was added to each well for 1 h, and absorbance was measured
at 490 nm. Cell viability was normalized to DMSO vehicle. Columns, mean
for five independent experiments; bars, SD. P values (DMSO vehicle
versus 1 nmol/L dasatinib in each cell line) are shown.
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is associated with loss of cell viability. In addition, these
observations suggest that inhibition of Bcr-Abl/Stat5
signaling is a relevant biomarker for assessing dasatinib
activity in CML patients.

Dasatinib Down-regulates Bcl-x, Mcl-1, and Cyclin D1

Stat5 signaling was shown to be directly involved in cell
proliferation and survival in CML by up-regulating the
expression of antiapoptotic and proliferation-specific
genes such as Bcl-x, Mcl-1, and cyclin D1/2 (1, 11-14). As
shown in Fig. 4, inhibition of Stat5 signaling was accom-
panied by down-regulation of expression of Stat5 target
gene products, including Bcl-x, Mcl-1, and cyclin D1,
following treatment with 1 nmol/L dasatinib. The concen-
tration range of dasatinib for down-regulation of these
proteins correlates with that for inhibition of Ber-Abl kinase
activity and Stat5 activation in CML cells.

Dasatinib Induces Apoptosis of CIVIL Cells

To assess the biological consequences of dasatinib
treatment on CML cells, we did 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium viability assays and Annexin V apoptosis
assays. As shown in Fig. 5A, dasatinib significantly
reduced cell viability at 0.5 nmol/L concentration and
above in a dose-dependent manner. These results are
similar to an earlier study showing that dasatinib inhibits
cell growth at <1 nmol/L concentration in CML cells
(16). Moreover, dasatinib has antiproliferative activity
against all imatinib-resistant mutant Bcr-Abl proteins
tested except for the T3151 Bcr-Abl mutant (17, 18).
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Figure 4. Effects of dasatinib on expression of downstream target
genes of Statb. CML cells were treated with dasatinib in a dose-dependent
manner for 24 h. A, Western blot analysis was done with specific
antibodies to Bcl-x, Mcl-1, and cyclin D1 using whole-cell lysates. B,
normalized protein loading was confirmed by probing with antibodies to
actin. Absorbance was analyzed using Quantity One software (Bio-Rad,
Hercules, CA), and protein levels were normalized to actin.
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Figure 5. Dasatinib induces apoptosis of K562 human CML cells. A,
reduction of cell viability. A 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium assay was done following
exposure to dasatinib in a dose-dependent manner. After incubation with
dasatinib for the indicated times, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium was added to each
well for 1 h, and absorbance was measured at 490 nm. Cell viability
was compared with DMSO vehicle controls. Columns, mean for five
independent experiments; bars, SD. P values (DMSO vehicle versus
dasatinib dose). B, induction of apoptosis. K562 cells (0.1 x 10%/mL)
were treated with dasatinib in a dose-dependent manner for 48 h. Annexin
V-FITC staining was used as an early marker of apoptosis. Cells were
analyzed using a FACScan flow cytometer. Columns, mean for four
independent experiments; bars, SD. P values (DMSO vehicle versus
dasatinib dose).

Dasatinib also significantly induced apoptosis at 0.5
nmol/L concentration and above in a dose-dependent
manner (Fig. 5B) at a cell density of 0.1 X 10°/mL. These
findings are consistent with down-regulation of the
products of the Stat5 downstream target genes Bcl-x,
Mcl-1, and cyclin D1 (Fig. 4). The extent of apoptosis is
over 50% following 10 nmol/L dasatinib treatment for
48 h (Fig. 5B).

Increasing Cell Density Up-regulates Statb DNA-
Binding Activity and Confers Resistance to Dasatinib

Recently, Stat3 activity was found to be enhanced with
increasing cell-to-cell contact in solid tumor cells (24). To
determine whether increasing cell density up-regulates
Stat5 activity in K562 CML suspension cultures, Statb
activity was measured at different cell densities. Time
course studies revealed that Stat5 DNA-binding activity
increased greatly over time with increasing cell density
(Fig. 6A). Levels of p-Stat5 and Stat5 DNA-binding activity
were also found to increase as cell density increased at
24 h after cells were seeded (Fig. 6B). To evaluate the ability
of dasatinib to inhibit levels of p-Stat5 with increasing cell
density, cells were seeded at various cell densities for 24 h
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and then exposed to 1 nmol/L dasatinib for 4 h (Fig. 6B,
bottom). Results show that increasing cell density decreased
the activity of dasatinib against Stat5 signaling (Fig. 6B,
bottom).

To determine whether this increase in Stat5 activity with
cell density could result in resistance to dasatinib, cells
were seeded for 24 h as in Fig. 6B. Following treatment with
dasatinib for 48 h, flow cytometry with Annexin V-FITC
staining was done. Coincident with up-regulation of Stat5
activity over increasing cell density as shown in Fig. 6B,
induction of apoptosis by dasatinib was significantly
reduced in a cell density—dependent manner (Fig. 6C).
Stat5 up-regulates the expression of survival genes in
hematopoietic cells, including Bcl-x (9, 25) and Mcl-1 (26).
Associated with the decreased ability of dasatinib to inhibit
levels of p-Stat5 at high cell density, dasatinib was less
effective in down-regulating the expression of Bcl-x with
increasing cell densities (data not shown). Although
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Figure 6. Increasing cell density up-regulates Stat5 DNA-binding
activity and confers resistance to dasatinib. A, cell densities were
increased from 0.05 x 10%/mL to 1.0 x 10%/mL at seeding, and cells
were incubated for various time intervals. EMSA was done to assess Statb
DNA-binding activity in nuclear extracts. B, cells were incubated at
different cell densities for 24 h. EMSA was done with nuclear extracts
(top). Cells were treated with DMSO or 1 nmol/L dasatinib for 4 h, and
Western blot analysis was done with specific antibody to p-Statb
(bottom). After 24 h of incubation, cells were treated with 1 nmol/L
dasatinib for 48 h. C, annexin V-FITC staining was used as an early marker
of apoptosis. C, cells were analyzed using a FACScan flow cytometer.
Columns, mean for three independent experiments; bars, SD. P values
(0.05 x 10%/mL versus each cell density).

dasatinib down-regulates levels of Mcl-1 as shown in
Fig. 4, inhibition of Mcl-1 by 1 nmol/L dasatinib was not
influenced by cell density (data not shown). Thus, up-
regulation of Bcl-x by Stat5 signaling may contribute to
CML cell resistance to dasatinib at high cell densities.

The experiment shown in Fig. 5B was done using a
cell density of 0.1 X 10°/mL. In addition, treatment with
1 nmol/L dasatinib resulted in ~40% apoptosis, whereas
the experiment presented in Fig. 6C was done with a range
of cell densities (0.05-0.5 x 10° cells/mL); hence, treatment
with 1 nmol/L dasatinib resulted in a range of apoptosis
depending on the cell density. These findings raise the
possibility that cell-to-cell interactions increase Stat5 activ-
ity and confer resistance to dasatinib in CML cells.
Alternatively, higher cell density might reduce the avail-
ability of dasatinib to cells, resulting in less dasatinib
exposure per individual cell, and therefore contribute to
dasatinib resistance. Finally, Stat5 signaling can be activat-
ed by cytokine and growth factor stimulation (1, 2, 27),
which may be elevated in cell cultures at higher density.
Any one or a combination of the above factors may
contribute to dasatinib resistance at high cell density.

Therapeutic Implications for CIVIL

In the present study, we provide evidence for a molecular
mechanism whereby dasatinib exerts at least part of its
therapeutic effects in CML. Our results indicate that
dasatinib inhibits Ber-Abl and SFK activities, thereby
blocking Stat5 signaling that is dependent on both Bcr-
Abl and SFK activities. This blockade of Stat5 signaling
activity is associated with inhibition of downstream
survival gene expression, including Bcl-x and Mcl-1, and
induction of apoptosis. Moreover, increasing cell density
up-regulates Stat5 activation and results in striking
resistance to dasatinib. Although the clinical significance
of this latter finding remains to be determined, the
condition of high cell density may mimic the tumor
microenvironment in vivo, resulting in resistance to Ber-
ADl inhibitors. Our findings further suggest that p-Stat5
levels are a mechanistically relevant biomarker for assess-
ing the extent to which dasatinib inhibits Ber-Abl signal
transduction in CML patients.
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Nilotinib (formerly AMN107), a highly selective BCR-ABL tyrosine kinase
inhibitor, is effective in patients with Philadelphia chromosome—positive chronic
myelogenous leukemia in chronic phase following imatinib resistance and

intolerance
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Nilotinib, an orally bioavailable, selective
Bcr-Abl tyrosine kinase inhibitor, is 30-
fold more potent than imatinib in pre-
clinical models, and overcomes most ima-
tinib resistant BCR-ABL mutations. In
this phase 2 open-label study, 400 mg
nilotinib was administered orally twice
daily to 280 patients with Philadelphia
chromosome—positive (Ph*) chronic
myeloid leukemia in chronic phase (CML-
CP) after imatinib failure or intolerance.
Patients had at least 6 months of follow-
up and were evaluated for hematologic

and cytogenetic responses, as well as for
safety and overall survival. At 6 months,
the rate of major cytogenetic response
(Ph = 35%) was 48%: complete (Ph = 0%)
in 31%, and partial (Ph = 1%-35%) in 16%.
The estimated survival at 12 months was
95%. Nilotinib was effective in patients
harboring BCR-ABL mutations associ-
ated with imatinib resistance (except
T315l), and also in patients with a resis-
tance mechanism independent of BCR-
ABL mutations. Adverse events were
mostly mild to moderate, and there was

minimal cross-intolerance with imatinib.
Grades 3 to 4 neutropenia and thrombocy-
topenia were observed in 29% of patients;
pleural or pericardial effusions were ob-
served in 1% (none were severe). In sum-
mary, nilotinib is highly active and safe in
patients with CML-CP after imatinib fail-
ure or intolerance. This clinical trial is
registered at http://clinicaltrials.gov as ID
no. NCTO00109707. (Blood. 2007;110:
3540-3546)

© 2007 by The American Society of Hematology

Introduction

Chronic myeloid leukemia (CML) is a clonal myeloproliferative
disorder characterized by the expansion of hematopoietic cells
carrying the Philadelphia chromosome (Ph), resulting from a
reciprocal translocation of the long arms of chromosomes 9 and 22.
A novel fusion gene is formed, BCR-ABL, which encodes a
constitutively active protein tyrosine kinase.12

Imatinib (Gleevec, Glivec; Novartis Pharmaceuticals, Florham
Park, NJ), a Bcr-Abl tyrosine kinase inhibitor, has dramatically
improved outcome in CML.%6 In newly diagnosed patients with
CML, imatinib is associated with a complete cytogenetic response
rate of 87%, a progression rate to accelerated or blastic phase of
7%, and an estimated 5-year survival rate of 89%.36

Resistance to imatinib occurs annually in 3% to 4% of patients
with CML in chronic phase (CML-CP), and is defined as failure to
achieve complete hematologic response (CHR) within 3 months of
therapy, any cytogenetic response within 6 months, or major
cytogenetic response (Ph* = 35%) within 12 months, or the
development of cytogenetic or hematologic relapse.” Resistance

can be mediated through BCR-ABL-dependent mechanisms, often
through mutations in the ABL kinase domain (40%-50%), or by
mechanisms independent of BCR-ABL.2 In patients with CML and
resistance or intolerance to imatinib, alternative treatments are
needed.81° Dasatinib, which inhibits Bcr-Abl as well as the
Src-family kinases, has produced major cytogenetic responses in
52% of patients with CML-CP following resistance or intolerance
to imatinib.11.12

Nilotinib (Tasigna; N-[3-[3-(1H-imidazolyl)propoxy] phenyl]-
4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidinyl]Jamino] benzamide; No-
vartis Pharmaceuticals), a novel orally bioavailable derivative of
imatinib, is a tyrosine kinase inhibitor with improved target
specificity.'314 Based on an understanding of the molecular mecha-
nism of imatinib activity, structural modifications led to the
development of nilotinib.!> Like imatinib, nilotinib inhibits Bcr-
Abl by binding to an inactive, DFG-out conformation of the ABL
kinase domain, thus preventing the enzyme from adopting the
catalytically active conformation and blocking the tyrosine phos-

Submitted March 19, 2007; accepted July 27, 2007. Prepublished online as
Blood First Edition paper, August 22, 2007; DOl 10.1182/blood-2007-
03-080689.
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phorylation of proteins involved in Ber-Abl signal transduction.6
The improved binding of nilotinib results in greater potency and
selectivity over the KIT and PDGF receptor kinases and has no
activity against targets such as the Src-family of tyrosine kinases.’
In preclinical models, nilotinib was 30 times more potent than
imatinib in imatinib-sensitive CML cell lines, and maintained
activity in 32 of 33 imatinib-resistant BCR-ABL mutant cell lines,
encouraging its development in CML.18 Results from a phase 1
dose escalation study performed in patients with imatinib-resistant
CML and Ph* acute lymphoblastic leukemia (ALL) indicated that
nilotinib produced significant hematologic and cytogenetic re-
sponses in all phases of CML.% Side effects potentially related to
nilotinib included grade 3 or 4 hematologic toxicity, with cytope-
nias in 6% to 20% of patients, as well as transient indirect
hyperbilirubinemia and skin rash.

The primary objective of this phase 2 study was to determine
the rate of major cytogenetic response in patients with CML-CP
following resistance or intolerance to imatinib. The results pre-
sented are from an interim analysis conducted on the first
280 consecutively enrolled patients with at least 6 months of
follow-up.

Patients, materials, and methods

Patients and study design

Patients with Ph* CML-CP who were at least 18 years of age were eligible
if they had imatinib resistance or intolerance, adequate performance status
(World Health Organization Performance Score = 2), and normal hepatic,
renal, and cardiac functions. Patients with imatinib resistance had to have
been treated with a dose of at least 600 mg daily for 3 months. Patients in
accelerated or blastic phases, 22! or patients who received treatment with
imatinib for 7 days and with hydroxyurea for 2 days prior to nilotinib, were
excluded. Potassium and magnesium levels had to be greater than or equal
to the lower limit of normal or corrected to within normal range. For safety,
patients receiving concomitant medications known to prolong the QT
interval or inhibit CYP3A4 were excluded if alternative treatments were not
possible. Imatinib resistance was defined as failure to achieve CHR after
3 months, cytogenetic response after 6 months, major cytogenetic response
after 12 months, or loss of a hematologic or cytogenetic response at any
time during treatment with imatinib. Entry criteria for imatinib intolerance
included patients with intolerant symptoms, but who also had never
achieved a major cytogenetic response with imatinib. Intolerant symptoms
were defined as any nonhematologic toxicity of grade 3 or higher severity,
or of grade 2 or higher severity lasting more than 1 month or recurring more
than 3 times despite dose reduction and maximal supportive care. The
definition of intolerance also included hematologic toxicity of grade 4
severity persisting for more than 7 days. Imatinib-intolerant patients who
had previously demonstrated sensitivity to imatinib, as evidenced by a prior
major cytogenetic response, were to be excluded from participation in
the study.

Nilotinib at a dose of 400 mg twice daily (800 mg/day) was adminis-
tered to all patients based on safety, tolerability, and pharmacokinetic data
from the phase 1 study.® Patients were instructed to fast for at least 2 hours
prior to and 1 hour after taking nilotinib. In the absence of safety concerns,
nilotinib could be escalated to 600 mg twice daily (1200 mg/day) if patients
had not obtained a hematologic response at 3 months, a cytogenetic
response at 6 months, a major cytogenetic response at 12 months, or if they
showed loss of hematologic or cytogenetic response or disease progression
at any time. Hematologic and cytogenetic response criteria have been
described previously.?2 Cytogenetic responses are as follows: complete, Ph
positivity of 0%; partial, Ph positivity of 1% to 35%; minor, Ph positivity of
36% to 65%; and minimal, Ph positivity of 66% to 95%. A major
cytogenetic response includes complete and partial cytogenetic responses.
Cytogenetic responses were based on the percentage of Ph* metaphases
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among 20 or more metaphase cells in each bone marrow sample.
Fluorescent in situ hybridization (FISH) studies to document cytogenetic
response were accepted if routine cytogenetic studies were not successful or
not available at a particular analysis time. Complete blood counts and
biochemistries were obtained weekly for the first 8 weeks, and thereafter
every 2 weeks. Bone marrow assessments were done on day 28 of cycle 1
and every 3 months. Cytogenetic studies on bone marrow samples were
performed at baseline and repeated every 3 months in responding patients.
Safety assessments included evaluation of adverse events, hematologic
assessment, biochemical testing, urinalysis, cardiac enzyme assessment,
serial electrocardiogram evaluation, and physical examination. Adverse
events were graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events Version 3.0. Survival was dated
from start of nilotinib therapy until death from any cause and censored at
last follow-up for patients who were alive. Duration of major cytogenetic
response was measured from date of response until the date treatment was
discontinued for progression or death. Patients who discontinued for other
reasons were censored at date of last treatment and patients still on
treatment at data cut-off date.

The study was conducted in accordance with the Declaration of
Helsinki. The study protocol was reviewed and approved by the ethics
committees or institutional review boards of all participating centers. All
patients gave written informed consent according to institutional guidelines.

Assessment of BCR-ABL mutation status

Peripheral blood samples were obtained prior to the first dose of nilotinib.
The total blood RNA was reversely transcribed and amplified by nested
polymerase chain reaction (PCR) using primers located in the BCRand ABL
regions of the BCR-ABL gene. The amplicons that extend over the entire
Ber-Abl tyrosine kinase domain (ranging from amino acid 230-490;
GenBank accession no. M14752) and the surrounding regions, were then
screened for mutations by direct sequencing technology. This BCR-ABL
mutation analysis was performed by 5 regional academic laboratories. All
5 laboratories reported reliable detection of mutant clones present at a
frequency of 20% or higher.

Statistical considerations

The primary efficacy variable of this study was the overall major
cytogenetic response. Secondary efficacy variables included time to major
cytogenetic response, duration of major cytogenetic response, CHR, time to
and duration of CHR, and overall survival. Response rates were calculated
as percentages relative to the respective patient populations. For major
cytogenetic response and CHR, 95% confidence intervals (Cls) using
Clopper-Pearson limits were determined. Time-to-event variables were
summarized and are presented using the Kaplan-Meier method. A Fleming
single-stage design was used to test the null hypothesis that the rate of major
(complete + partial) cytogenetic response was 10% or less, versus the
alternative hypothesis that the true response rate was 20% or more.
A minimum of 132 patients were required (assuming a one-sided P = .025;
power 0.90). A response rate of 21 or more out of 132 would be sufficient to
reject the null hypothesis. Because of the activity of the agent, overenroll-
ment on the study was allowed to offer more patients in need of alternative
options after imatinib failure access to nilotinib therapy.

Results

A total of 318 patients were enrolled in the study between April
2005 and August 2006, and were treated at 63 centers from
15 countries. Results are presented for the initial cohort of
280 patients with at least 6 months of follow-up or those who
prematurely discontinued study treatment. Patient characteristics
are shown in Table 1. Their median age was 58 years (range, 21 to
85 years). Patients had received extensive prior therapy: 66% had
received interferon-a, 83% had received hydroxyurea, and 25%
had received cytarabine. The median duration of CML was
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Table 1. Characteristics of the study group

Parameter Value

No. patients 280
Median age, y (range) 58 (21-85)
Male sex, no. (%) 144 (51)
Median duration of disease, mo (range) 57 (5-275)
Splenomegaly, no. (%) 48 (17)
Median hemoglobin, g/L (range) 120 (77-172)
Median WBC, X 109/L (range) 9.9 (0.9-372)
Median platelet count, X 10%/L (range) 309 (28-2000)
Prior complete hematologic response with imatinib, no. (%) 88 (31)
Prior therapy, no. (%)

Allogeneic or stem cell transplantation 22 (8)

Hydroxyurea 233 (83)

Cytarabine 71 (25)
Interferon-e, no. (%) 184 (66)
Imatinib resistance, no. (%) 194 (69)
Maximum previous imatinib dose, no. (%)

Less than 600 mg/day 77 (28)

600 to 800 mg/day 91 (33)

More than 800 mg/day 111 (40)
Chromosomal abnormalities at baseline other than Ph, no. (%) 72 (26)
ABL kinase domain mutations, no. (%) 77* (42)

*indicates n = 182.

57 months; the median duration of prior imatinib therapy was
32 months. A total of 194 (69%) patients had imatinib resistance,
and 86 (31%) patients had imatinib intolerance.

The median cumulative duration of nilotinib dose interruptions
was low (18 days; range, 1-185 days) relative to the median
duration of therapy (261 days; range, 1-502 days). The median
duration of exposure for the 318 patients enrolled was 245 days.
The median dose intensity of nilotinib was 797 mg/day (range,
151-1112 mg/day), very close to the intended total daily nilotinib
dose of 800 mg per day.

As of September 2006, 183 (65%) patients remain on study.
Reasons for discontinuation, regardless of causality, included
adverse events in 42 (15%) patients, disease progression in
32 (11%) patients, consent withdrawal in 10 (4%) patients, and
other reasons in 4% (including abnormal laboratory test [n = 5],
death [n = 2], administrative problems [n = 3], loss of follow-up
[n = 1], and protocol violations [n = 3]). A total of 17 (6%)
patients required discontinuation from study for cytopenia (neutro-
penia in 9 patients, thrombocytopenia in 8 patients).

Efficacy

Overall, a major cytogenetic response was achieved in 134 of
280 patients (48%; 95% CI, 41.9%-53.9%). Table 2 details the
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response rates. Rates of major cytogenetic response were 48%
(95% CI, 41.2%-55.7%) in patients with imatinib intolerance and
47% (95% CI, 35.7%-57.6%) in patients with imatinib resistance.
Complete cytogenetic response was achieved in 88 patients (31%;
95% Cl, 26.0%-37.2%). A total of 30 of the 134 patients with major
cytogenetic response were categorized based only on FISH evalua-
tions (12 complete cytogenetic responses, 18 partial cytogenetic
responses). While there is excellent concordance between conven-
tional and FISH analyses in patients achieving complete cytoge-
netic response, the concordance rate for partial cytogenetic re-
sponse is good. If the 18 partial cytogenetic responses are not
considered, 116 (41%) of 280 patients would be considered to have
achieved a major cytogenetic response with nilotinib therapy. In
addition, 5 patients entered the study with a complete cytogenetic
response and maintained their response in the study; another
3 patients entered the study in partial cytogenetic response and also
maintained their response in the study; and 3 patients had missing
baseline assessment but achieved complete cytogenetic response
during the study. Therefore, another 11 (4%) patients had documen-
tation of major cytogenetic response during the study. The median
time to major cytogenetic response was 2.8 months. Among
patients achieving major cytogenetic response, 96% continued on
nilotinib without progression or death for at least 6 months from the
date of achieving their response (Figure 1). Only 5 (4%) patients in
major cytogenetic response discontinued nilotinib due to progres-
sion or death (Figure 1). A further 16 (12%) patients in major
cytogenetic response lost their major cytogenetic response but were
still on treatment at data cut-off. The estimated 12-month overall
survival rate was 95% (Figure 2). A CHR, assessable in 185 pa-
tients without CHR at baseline, occurred in 74% (95% ClI,
67.1%-80.2%) of patients. Complete hematologic responses oc-
curred early (median time to CHR, 1 month). Only 11 (8%) of the
137 patients who had achieved CHR discontinued due to progres-
sion or death.

Baseline assessment for the BCR-ABL mutation status was
available in 182 patients at the time of analysis. A total of
28 different BCR-ABL mutations involving 23 amino acids were
detected in 42% of the patients (77 of 182 patients), 8% of whom
(6 of 77 patients) showed more than 1 mutation. After 6 months of
therapy, major cytogenetic response was achieved in 42% of
patients and complete cytogenetic response was achieved in 23%
of patients with baseline mutations, versus in 51% and 35% of
patients without baseline mutations (Table 3). Among patients who
did not have CHR at baseline, the rate of CHR at 6 months was
61% and 83% in patients with or without baseline mutations,
respectively. Major cytogenetic response and CHR were observed
across all BCR-ABL genotypes, with the exception of the T315I
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with nilotinib. Only 5 (4%) of the 134 patients who had
achieved major cytogenetic response discontinued due
to progression or death.
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Figure 2. Overall survival in the 280 patients treated
with nilotinib. A total of 10 (4%) patients died; 2 during
treatment, 8 during long-term follow-up.
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mutation identified in 4 (2.2%) of 182 patients, and the E255V and
E274K mutation each identified in 1 (0.6%) of 182 patients (Table
3). However, both the E255V and E274K mutations coexisted with a
T3151 mutation at baseline in these 2 patients. There were 2 patients
with a L248V mutation who were not assessable for hematologic and
cytogenetic responses.

Although responses were observed broadly across the mutation
spectrum, the rate of responses appeared to be affected by the types
of mutations identified in patients and their sensitivity to nilotinib
as assessed in vitro. Major cytogenetic response and CHR were
achieved in 53% (16 of 30) and 77% (17 of 22) of patients with
mutations associated with preclinical 1Cs, to nilotinib of less than
100 nM?8 (Table 3; mutation group 1), in 43% (6 of 14) and 50%
(6 of 12) of patients with ICs of 101 to 200 nM (Table 3; mutation
group 2), and in 15% (2 of 13) and 18% (2 of 11) of patients with
I1Cso of 201 to 800 nM (Table 3; mutation group 3), respectively.
Mutation group 4 (ICsg > 800 nM), which only includes T315I in
4 patients, showed no hematologic and cytogenetic responses.

Safety profile

Adverse events with a suspected relationship to nilotinib are
summarized in Table 4. These were generally mild to moderate in
severity. The most commonly reported nonhematologic events
considered possibly related to nilotinib, and of any grade severity,
were rash (28%), nausea and pruritus (24% each), and headache
and fatigue (19% each). Grade 3 or 4 toxicities were noted in 3% or
less of patients (Table 4). Clinically notable adverse events
reported with other Ber-Abl inhibitors, such as pleural effusions,
pericardial effusions, pulmonary edema, and left ventricular dys-

Table 2. Clinical responses (N=280)

4 5 6 7 8 9 10 m 12 1B ¥ 1B 1B 17 18
Months since start of treatment

function,? were rarely observed with nilotinib (3 [1.1%)] patients,
all grades 1-2).

The most commonly reported grade 3 or 4 hematologic
abnormalities were neutropenia (29%) and thrombocytopenia (29%),
with median durations of 15 and 22 days, respectively. Neutropenia
and thrombocytopenia were generally manageable with dose
interruptions and reductions, which were necessitated in 10% and
19% of patients, respectively. Patients only occasionally required
support with hematopoietic growth factors (5%) or platelet transfu-
sions (10%).

The majority of serum biochemistry abnormalities observed
with nilotinib were mild to moderate in severity. Grade 3 or
4 elevations in AST and ALT occurred in 1% and 4% of patients,
respectively. Grade 3 or 4 bilirubin and lipase elevations
occurred in 9% and 14% of patients, respectively. These were
self-limited and resolved spontaneously, with continuation of
nilotinib at the same dose, within 1 to 2 weeks. Pancreatitis was
reported in 3 (1%) patients.

The nonhematologic reasons for imatinib intolerance are pre-
sented in Table 5. Cross-intolerance, defined as the occurrence of
any grade 3 or higher nilotinib-induced toxicity previously reported
in the same patient receiving imatinib, was infrequent, occurring in
only 2 (2%) of 86 patients. Almost all imatinib-intolerant patients
were able to tolerate therapy with nilotinib. Because of a preclinical
signal indicating that nilotinib could potentially prolong the QT
interval, frequent electrocardiograms were obtained during this
study and analyzed centrally. The effect of nilotinib at steady-state
(day 8) on the QTCcF interval, measured as a time-averaged mean
change from baseline in QTcF (Fridericial® correction), was

Patients with response, no. (%)

Imatinib-intolerant, n = 86 All patients, n = 280

Response Imatinib-resistant, n = 194
Complete hematologic response* 92 (68)+
Cytogenetic responset
Major 94 (48)
Complete 58 (30)
Partial 36 (19)
Minor 16 (8)
Minimal 25 (13)

45 (90)§ 137 (74)
40 (47) 134 (48)
30 (35) 88 (31)1
10 (12) 46 (16)]|
6(7) 22(8)
14 (16) 39 (14)

*Evaluation of CHR in patients without CHR at baseline.

TEvaluation of cytogenetic response by FISH or cytogenetics (12 complete cytogenetic responders and 18 partial cytogenetic responders were assigned based on FISH).
Patients were only considered a complete (partial) cytogenetic responder if they were more than 0% Ph* (> 35% Ph*) at baseline.

$(n=135)
§(n=50)

in addition, 5 (2%) patients entered the study with a complete cytogenetic response and maintained their response in the study, and 3 (1%) patients had missing baseline

assessment but complete cytogenetic response during the study.

In addition, 3 (1%) patients entered the study with a partial cytogenetic response and also maintained their response in the study.
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Table 3. Baseline BCR-ABL mutation status and response to nilotinib
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Patients achieving response, no. (%)

Baseline mutation Number of Major cytogenetic Complete cytogenetic Number of Patients achieving
(mutation group no.) patients response response patients* CHR, no. (%)

Any mutation 77t 32 (42) 18 (23) 62 38 (61)
No mutation 105 54 (51) 37 (35) 58 48 (82)
M244V (1) 10 7 (70) 6 (60) 8 7 (87)
L248V (2) 2 0(0) 0(0) 1 0(0)
G250E (2) 4 3(75) 1(25) 4 3(75)
Y253F 1 0 (0) 0 (0) 1 1 (100)
Y253H (3) 7 1(14) 0(0) 5 0(0)
E255K (3) 5 1(20) 0(0) 5 2 (40)
E255V (3) 1 0 (0) 0 (0) 1 0(0)
E274K 1 0(0) 0(0) 1 0(0)
E275K (1) 1 0(0) 0(0) 1 1 (100)
D276G (1) 2 1(50) 1(50) 1 1 (100)
E279K 2 1 (50) 1 (50) 2 2 (100)
F311L 1 0(0) 0(0) 1 1 (100)
T31514 4 0(0) 0(0) 4 0(0)
F317L (1) 2 0(0) 0(0) 2 1 (50)
M351T (1) 11 6 (54) 3(27) 9 6 (66)
E355A (1) 1 1 (100) 1 (100) 0 NA
E355G (1) 3 2(67) 1(33) 1 1 (100)
F359I 2 0(0) 0(0) 2 1 (50)
F359V (2) 8 3(38) 1(13) 7 3(43)
L370P 1 1 (100) 1 (100) 0 NA
L387M (1) 1 0 (0) 0 (0) 1 1 (100)
M388I 1 1 (100) 0(0) 1 1 (100)
H396R 5 3(60) 1 (20) 4 3(75)
E450K 1 1 (100) 1 (100) 1 NA
S438C 2 0(0) 0(0) 2 2 (100)
E459G 1 1 (100) 1 (100) 1 1 (100)
E459K 2 0 (0) 0 (0) 1 1 (100)
F486S 2 0(0) 0(0) 2 1 (50)
Mutation group 1, ICs less than 100 nM§ 30 16 (53) 11 (37) 22 17 (77)
Mutation group 2, ICsp 101-200 nM 14 6 (43) 2 (14) 12 6 (50)
Mutation group 3, ICsp 201-800 nM 13 2 (15) 0 (0) 11 2 (18)
Mutation Group 4, ICso more than 10 000 nM 4 0(0) 0(0) 4 0(0)

NA indicates not applicable.

*Number of patients who did not have CHR at baseline and were assessable for hematologic response.
TAtotal of 6 (8%) of 77 patients had more than 1 mutation detected at baseline with the following genotypes: H396R/M351T, D276G/M351T, E459K/M351T, E274K/T315I,

E255V/M244V/T315I, and H396R/T315I.
FNumber in parentheses refers to the ICso-based grouping.

§Mutations were grouped based on available nilotinib ICso data established in in vitro Ba/F3 proliferation assay:'® mutation group 1 (ICso < 100 nM), mutation group 2
(ICsp = 101-200 nM), mutation group 3 (ICso = 201-800 nM), and mutation group 4 (ICso > 10 000 nM). Individual mutations in each group were notated with the group
number. Mutations without group number notation do not have ICs, data described in Weisberg et al.18

5 milliseconds. Categoric, or outlier analysis of serial electrocardio-
grams, measuring the number of absolute QTcF intervals exceeding
500 milliseconds, showed an incidence of 1% (3 of 280 patients).

A total of 4 deaths occurred in the study, or within 28 days of
discontinuing nilotinib; 1 patient had a myocardial infarction, another
died of coronary artery disease, and 2 patients died of sepsis.

Overall, nilotinib was well tolerated as demonstrated by the
high dose intensity achieved.

Discussion

Nilotinib, a highly selective and potent Bcr-Abl inhibitor, was
very active and safe in this phase 2 study of patients with
CML-CP post-imatinib resistance and intolerance. Major cytoge-
netic response, which correlated with long-term survival and
clinical benefit,>6 was observed in 48% of patients. Complete
cytogenetic responses were noted in 31% of patients. Dasatinib
given to patients with CML-CP post-imatinib failure produced a

major cytogenetic response rate of 45% at 6 months, and a
complete cytogenetic response rate of 33%.1 With nilotinib, the
estimated 1-year overall survival rate was 95% (Figure 1). The
estimated percent of patients who achieved a major cytogenetic
response and who did not discontinue nilotinib due to progres-
sion or death for at least 6 months after achievement of response
was 96% (Figure 2). Similar rates of major cytogenetic response
were observed in imatinib-resistant and -intolerant patients.
This is likely due to the rigorous definition of imatinib
intolerance, which excluded imatinib-intolerant patients who
had achieved a prior major cytogenetic response (thus, the
imatinib-intolerant patients had also relatively less sensitive
disease). Among the 134 of 280 patients who achieved a major
cytogenetic response, the response was documented only by
FISH analysis in 30 patients (12 complete cytogenetic re-
sponses, 18 partial cytogenetic responses). Excluding the
18 partial cytogenetic responses documented by FISH, the major
cytogenetic response rate with nilotinib would be 41%.
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Table 4. Most frequent (5% or more) nonhematologic adverse
events associated with nilotinib

Patients, no. (%)

Adverse event All grades Grade 3/4
Rash 79 (28) 9(3)
Nausea 66 (24) 3(1)
Pruritus 67 (24) 3(1)
Fatigue 52 (19) 3(1)
Headache 52 (19) 5(2)
Constipation 34 (12) 0
Diarrhea 32 (11) 6 (2)
Vomiting 30 (11) 2(<1)
Myalgia 23 (8) 3(1)
Extremity pain 13 (5) 2(<1)

Mutations in BCR-ABL are a known mechanism of resistance to
imatinib. In this study, 28 different BCR-ABL mutations affecting
23 amino acids were noted in 42% of patients prior to nilotinib
therapy. CHR and/or cytogenetic response (major, complete) were
observed in patients harboring a variety of BCR-ABL mutations
associated with imatinib resistance as well as in imatinib-resistant
patients without BCR-ABL mutation. The rates of major cytoge-
netic response at 6 months were 42% and 51% in patients with and
without baseline mutations, respectively. As predicted by preclini-
cal data,® none of the 4 patients with baseline T3151 mutation had
either CHR or major cytogenetic response during the nilotinib
therapy. Thus, nilotinib was effective in patients with BCR-ABL
mutations, except T315l, as well as in patients with other mecha-
nisms of resistance independent of BCR-ABL mutations, demonstrat-
ing its clear therapeutic role in patients with imatinib resistance.

Although responses were observed in all genotypes except
T3151, patients with BCR-ABL mutations that showed higher in
vitro sensitivity against nilotinib (cellular 1C5, = 200 nM)!® ap-
peared to have better rates of response than patients with less
sensitive mutations (cellular I1Csq of 201-800 nM; Table 3). These
less sensitive mutant clones (described by Weisberg et al'® as
having ICsq values of =200 nM) showed complete in vitro
suppression with increased exposure of nilotinib. With nilotinib
plasma peak-trough levels of 3600 to 1700 nM at a 400-mg
twice-daily dose, it is possible that longer treatment duration may
result in further improvement in clinical responses in patients with
less sensitive mutations.

In this study, nilotinib was rarely associated with the common
toxicities seen with imatinib (eg, fluid retention, edema, cramps,
periorbital edema, and weight gain). Commonly noted side effects
included mild skin rash, headache, and nausea. Serious grades 3 to
4 nonhematologic side effects were uncommon. Pleural effusions,
observed in 10% to 35% of patients on dasatinib-2% were observed
in only 1% of patients with nilotinib therapy. Peripheral edema,
reported in 20% to 30% of patients on imatinib3® and in 18% of

Table 5. Comparison of nonhematologic adverse events observed
in imatinib-intolerant patients treated with nilotinib

Patients with toxicity
on imatinib, no.

Patients with toxicity

Grade 3/4 adverse events on nilotinib, no.

Rash/skin 25 0
Liver toxicity 10 1
Fluid retention 17 0
Gastrointestinal intolerance 15 1
Musculoskeletal 9 0
Other 10 0
Total 86 2

only.
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patients on dasatinib,!* was rarely observed in patients on nilotinib.
Although nilotinib and imatinib are chemically similar, the mini-
mal occurrence of cross-intolerance between the 2 agents repre-
sents also an interesting and important therapeutic advantage
(Table 5).

With nilotinib therapy, neutropenia and thrombocytopenia
were modest in severity and infrequently required growth factor
support or platelet transfusions. Grades 3 to 4 neutropenia and
thrombocytopenia were each reported in 29% of patients.
Myelosuppression was the most common adverse event (4%)
leading to permanent nilotinib discontinuation. With dasatinib,
the rates of grades 3 to 4 neutropenia (49%) and thrombocytope-
nia (47%) patients with CML-CP after imatinib intolerance and
resistance were higher.!! It has been postulated that a more
potent inhibitor of Ber-Abl may contribute to increased myelo-
suppression from rapid clearance of BCR-ABL expressing
malignant hematopoietic cells. Interestingly, despite the greater
potency of nilotinib relative to imatinib, the rates of grades 3 to
4 neutropenia and thrombocytopenia in this heavily pretreated
population were comparable with those reported in imatinib-
treated patients with late CML-CP who were previously treated
with interferon-a. Thus, the selectivity of nilotinib against
Ber-Abl (relative to other targets, such as Src-family or c-Kit
kinases) may account for the high level of efficacy unaccompa-
nied by higher rates of severe myelosuppression. Nilotinib was
well tolerated in this study as demonstrated by the high dose
intensity achieved. In contrast, the median dose delivered in the
dasatinib studies was about two-thirds of the intended dose
(median daily dose delivered was 101 mg; the intended daily
dose was 140 mg).1

Drug-induced effects on the QT interval are often difficult to
accurately assess in patients given the inherent variability around
this parameter and the lack of available age- and disease-matched
controls providing information on the background incidence of
these findings in similar populations. The QT interval results
observed in this study were consistent with those observed in
similar imatinib-resistant and -intolerant patients with CML treated
with dasatinib (pooled analysis of 5 CML studies showed a mean
change from baseline in QTcF of 3 to 6 milliseconds; QTcF interval
of more than 500 milliseconds observed in 0.7% of patients).

Clinically significant abnormalities in nonhematologic labora-
tory parameters were infrequent. The most commonly observed
biochemical abnormality was hyperbilirubinemia, followed by
transient elevations in ALT, AST, and serum lipase. Indirect
hyperbilirubinemia, mostly grade 2 or lower severity, was self-
limited and reversed spontaneously with continued nilotinib therapy
at the same dose. The etiology of hyperbilirubinemia was explored
by examining polymorphisms in the uridine diphosphate glucurono-
syltransferase 1A1 (UGT1Al) gene in 62 patients in the study.
Results suggested that the TA repeat polymorphism in UGT1A1,
which predisposes to Gilbert syndrome, predicted for the suscepti-
bility to nilotinib-induced hyperbilirubinemia. Therefore, it appears
that the administration of nilotinib unmasked a clinically benign
form of indirect hyperbilirubinemia, which was self-limited, resolv-
ing with continued therapy.

In summary, nilotinib is highly active and safe, and provides an
alternative effective treatment for patients whose disease becomes
resistant or intolerant to imatinib. Nilotinib is also being studied in
newly diagnosed CML, where the goal is to prevent the emergence
of mutant clones, which may confer clinical benefit over that of the
current standard of care, imatinib.
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Abstract

Ex-vivo studies have suggested that imatinib-resistance in chronic myeloid leukemia (CML) patients occurs despite adequate suppression
of BCR-ABL activity. Whether BCR-ABL phosphorylation levels differ between imatinib-sensitive and -resistant patients is not known. We
compared the phosphorylation of BCR-ABL in 54 previously untreated CML patients and 62 imatinib-resistant CML patients with progressive
disease. Resistant patients had significantly lower levels of BCR-ABL, CrkL and AKT phosphorylation than previously untreated patients,
but STAT5 phosphorylation showed no difference. These observations suggest that imatinib- resistance is not necessarily dependent on higher
activity in BCR-ABL-dependent pathways, but is likely due to the activation of other pathways.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The BCR-ABL oncoprotein is the causative agent in some
cases of acute lymphoblastic leukemia (ALL), and most
chronic myeloid leukemias (CML). The fused ABL and BCR
genes found in CML are transcribed as a single gene, and
like wildtype ABL, the BCR-ABL fusion protein is a pro-
tein tyrosine kinase. However, the fusion process results in
constitutive activation and the loss of regulatory control [1].
BCR-ABL phosphorylates both itself [2] and downstream
signaling proteins, driving the oncogenic transformation of
hematopoietic stem cells resulting in CML. Imatinib mesy-
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late (Gleevec, STI-571), a small-molecule inhibitor, is a
first-line therapy for CML patients. The drug specifically
inhibits BCR-ABL tyrosine kinase activity with high speci-
ficity and low toxicity, while causing apoptosis of CML cells
[3-5]. The majority of CML patients respond favorably to
imatinib, but resistance often develops, especially in blast
phase disease. Reportedly, resistance to imatinib treatment is
most commonly the result of point mutations that interfere
with the binding of the drug to BCR-ABL (reviewed in [6]).
Other mechanisms have also been reported, however, and
some resistant CML cell lines show resistance even in the
presence of imatinib binding and suppression of BCR-ABL
fusion protein kinase activity [7-9].

Downstream effectors of the BCR-ABL fusion protein
that may contribute to transformation or to sustained pro-
liferation of leukemic cells include the survival kinase AKT,
the transcription factor STAT5 [10-13] and the adaptor pro-
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tein CrkL [14-17]. AKT, an oncoprotein in its own right, is
a serine/threonine kinase involved in the activation of pro-
survival pathways downstream of multiple receptors, and
has many substrates that regulate metabolism, growth, and
the cell cycle (reviewed in [18,19]). AKT is recruited to
the plasma membrane by binding to the phospholipid prod-
ucts of phosphoinositide 3-kinase (P13K), and is activated by
phosphorylation at Thr308 by PDK-1, followed by phospho-
rylation at Ser473 by a controversial kinase often referred to
as “PDK-2”. PI3K activation and the subsequent activation
of AKT are required for BCR-ABL transformation of both
myeloid and lymphoid lineage cells (reviewed in [20]), and
this activation may be mediated in part by the adaptor pro-
tein CrkL. Both CrkL and the adaptor protein c-cbl are highly
phosphorylated in an ABL-dependent manner, which facili-
tates their interaction and creates a putative binding site on
c-cbl for the regulatory subunit of PI3K [14]. Phosphorylation
of CrkL at Tyr207, and the activation of AKT as measured by
phosphorylation at Ser473, can therefore be used as indicators
of BCR-ABL kinase activity.

The signal transducer and activator of transcription
(STAT) family of transcription factors is involved in signal
transduction downstream of multiple cytokines, hormones,
and growth factors, and is involved in the regulation of cell
survival, proliferation, and differentiation (reviewed in [13]).
The pathway leading to activation of family member STAT5
is constitutively active in BCR-ABL cells, and STATS5 activ-
ity appears to play a major role in the antiapoptotic and
proliferative abilities of BCR-ABL transformed cells, possi-
bly through STAT5-mediated expression of the pro-survival
protein Bcl-x_ [21-23]. Inhibition of BCR-ABL kinase activ-
ity by imatinib led to suppression of STAT5 binding to
the Bcl-x promoter, and rendered BCR-ABL-positive cells
vulnerable to apoptosis [23]. Previous studies have estab-
lished phosphorylation of STAT5 at Tyr694 as an indicator
of BCR-ABL activity [24], and we have developed a quan-
titative assay to measure phosphorylation of STATS at this
site.

To investigate the mechanisms of resistance in our own
patient populations, we collected whole blood and/or bone
marrow from imatinib-resistant and -naive patients and com-
pared their BCR-ABL kinase activity, on a per-cell basis,
as indicated by the phosphorylation status of downstream
proteins CrkL, Akt, and STAT5. Phosphorylation levels of
AKT, CrkL, and BCR-ABL itself were reduced in imatinib-
resistant cells or plasma as compared to previously untreated
cells, while STAT5 phosporylation did not differ between the
two groups. These data suggest that resistance to imatinib
treatment in CML cells is not necessarily due to greater lev-
els of activity in BCR-ABL target pathways, but may instead
be due to the activation of alternative pathways. Imatinib
represents the first successful targeted cancer therapy, and
identification of the mechanism(s) of resistance to imatinib
should lead to greater understanding of the survival pathways
active in transformed cells, and ultimately, to new therapeutic
targets.

2. Materials and methods
2.1. Patients and samples

We collected EDTA peripheral blood or bone marrow aspi-
rates from 54 imatinib-naive CML patients and 62 patients
with progressive disease at the point of imatinib-resistance.
We defined imatinib resistance as failure to achieve or loss of
(a) a complete hematological response after 3 months, (b) at
least a minimal cytogenetic response after 6 months, or (c) a
major cytogenetic response after 12 months. We collected
samples according to institutional review board-approved
protocols, and all patients provided written informed
consent.

2.2. BCR-ABL phosphorylation

Measuring BCR-ABL phosphorylation via flow cytome-
try has been previously described [25]. Briefly, we coated
carboxylated polystyrene beads (Bangs Laboratories, Fish-
ers, IN) with anti-BCR antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). We diluted patient plasma samples in
assay solution (phosphate-buffered saline (PBS) with 5%
bovine serum albumin), denatured with 2% sodium dode-
cyl sulfate (SDS) at 96 °C, incubated them with conjugated
beads, and washed and resuspended them in assay solu-
tion. We divided each sample into thirds and incubated
each aliquot with the appropriate detection antibody (total
ABL, p-ABL (Thr735), or p-ABL (Tyr245)). Total ABL
antibody was obtained from Santa Cruz Biotechnology,
and p-ABL (Tyr245) and p-Abl (Thr735) were purchased
from Cell Signaling Technologies (Beverly, MA). We then
washed the beads, incubated them with 1:1 phycoery-
thrin (PE)-conjugated goat anti-rabbit antibody (mouse and
human adsorbed; Jackson ImmunoResearch, West Grove,
PA), and washed, resuspended, and analyzed the samples on
a FACSCanto flow cytometer (Becton Dickinson, San Jose,
CA).

2.3. Quantitative flow cytometry of downstream
intracellular proteins

Washed whole blood samples were fixed with formalde-
hyde, permeabilized with a PBS-buffered saponin-based
permeabilizing solution (IntraPrep Permeabilization Kit,
Beckman Coulter, Fullerton, CA), and incubated with pri-
mary antibodies against intracellular proteins. Cells were
washed with PBS, and incubated with a PE-conjugated
goat anti-rabbit 1gG secondary detection antibody (Santa
Cruz Biotechnology). We then washed the cells a final
time, resuspended them in PBS, and acquired them with a
FACSCalibur flow cytometer (Becton Dickinson). Antibod-
ies directed against p-CrkL (Tyr207), p-Akt (Ser473), and
p-STATS (Tyr694) were obtained from Cell Signaling Tech-
nologies (Beverly, MA).
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2.4. ABL kinase mutation analysis

RNA was extracted from cells as previously described
[26]. An 863 bp RT-PCR product encompassing the kinase
domain of BCR-ABL was amplified as using a forward
primer that annealed in BCR exon b2 and a reverse primer
that annealed at the junction of ABL exons 9 and 10 [26].
The products were sequenced in forward and reverse direc-
tions using dye terminator chemistry and an ABI sequencer
(Applied Biosystems, Foster City, CA).

2.5. Data analysis

We quantified PE intensities with QuantiBRITE PE beads,
a set of pre-calibrated beads in which each of four bead pop-
ulations has a different calibrated mean number of bound PE
molecules/bead (Becton Dickinson). These beads allowed
us to generate standard curves for each assay, and convert
the mean fluorescence intensity (MFI) of antibody bound to
intracellular protein into molecular equivalents, or antibod-
ies bound per cell (ABC). Similarly, these standard curves
allowed us to calculate the amount of antibody bound to beads
in the BCR-ABL assay. QuantiBRITE beads were acquired
with each set of samples assayed. We used FlowJo software
(Tree Star, Ashland, OR) to convert flow cytometry output
(MFI) into percentage of cells (or beads) positively stained
with detection antibodies, and/or antibodies bound per cell
(or bead) (ABC).

3. Results
3.1. Levels of BCR-ABL phosphorylation

Activated c-ABL, and therefore also BCR-ABL, are phos-
phorylated at multiple sites, including Tyr412, Tyr245, and
Thr735. In order to study BCR-ABL activation in CML
patients, we measured phosphorylation of Tyr245and Thr735
via a bead-based quantitative flow cytometry assay as pre-
viously described [25]. Plasma from 62 imatinib-resistant
patients had significantly lower levels of both p-BCR-ABL
(Thr735) and p-BCR-ABL (Tyr245) than plasma from 54
imatinib-naive patients (Fig. 1). To determine what pro-

Table 1

P=0.0007
(A) ———

1.4 —I= Min-Max
[ 25%-75%
1.2 o Median value

0.8 a

0.8

0.4 ——4—

0.2

Ratio p(Thr735)-BCR-ABL: BCR-ABL

0.0

Naive Resistant

P=0.03
26

(8)

a2 ———de

T Min-Max
[ 25%-75%
o Median value

0.8

0.2

Ratio p(Tyr245)-BCR-ABL: BCR-ABL

-0.2

Naive Resistant

Fig. 1. BCR-ABL phosphorylation levels are lower in imatinib-resistant
CML patients than in imatinib-naive patients. Plasma samples from 62
imatinib-resistant and 54 imatinib-naive CML patients were sequentially
incubated with anti-BCR-coated beads, anti-pABL antibodies (Thr735 or
Tyr245) or total ABL antibody, and PE-conjugated secondary antibodies, to
specifically detect phosphorylated BCR-ABL and total BCR-ABL protein
via flow cytometry. Standard curves for each assay were calculated using
QuantiBRITE beads, allowing conversion of MFI values for patient samples
to antibodies bound/bead. Ratios of (A) p-BCR-ABL (Thr735) and (B) p-
BCR-ABL (Tyr245) to total BCR-ABL protein are shown. P-values were
calculated using a standard Student’s r-test.

portion of the total BCR-ABL was phosphorylated in each
sample, we calculated the ratio of phosphorylated to total
BCR-ABL protein. The mean ratio of p-BCR-ABL (Thr735)
to total BCR-ABL was 0.69 (median, 0.64; range, 0.03-1.63)
in resistant patients and 0.84 (median, 0.80; range, 0.40-1.67)

Levels of phosphorylated BCR-ABL, CrkL, AKT, and STAT5 in imatinib-resistant and imatinib-naive CML samples

Imatinib-resistant (62 patients) Imatinib-naive (54 patients) P-value
Median? Range Median Range
Ratio: p-BCR-ABL (Thr735): BCR-ABL" 0.64 0.03-1.63 0.80 0.40-1.67 0.0007
Ratio: p-BCR-ABL (Tyr245): BCR-ABL 0.71 0.02-2.18 0.80 0.30-2.15 0.03
p-CrkL (Tyr207)¢ 4204 2368-14,772 5982 2368-14,779 0.01
p-AKT (Ser473) 4131 0-62,926 5949 2394-15,904 0.008
p-STATS (Tyr694) 3598 0-35,620 4468 1075-10,227 0.53

@ Median and range values represent the calculation of antibodies bound per bead or cell, as described in Section 2.

b BCR-ABL phosphorylation assays performed on plasma.

¢ CrkL, AKT and STAT5 phosphorylation assays performed on cells obtained from whole blood or bone marrow.
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Imatinib-Resistant Imatinib-Naive

30 40 50 60

Counts
Counts

102
p-CrkL (Tyr207)

10°

p-CrkL (Tyr207)

Fig. 2. CrkL phosphorylation is lower in cells from imatinib-resistant CML patients than in imatinib-naive patients. Peripheral blood cells were fixed, perme-
abilized, and incubated with anti-p-CrkL (Tyr207) antibody, followed by a PE-conjugated secondary antibody for detection via flow cytometry. Representative
flow cytometry histograms of p-CrkL from an imatinib-resistant CML patient and an imatinib-naive patient are shown (filled, isotype control; line, p-CrkL

(Tyr207)).

in imatinib-naive patients (Fig. 1A and Table 1), while the
mean ratio of p-BCR-ABL (Tyr245) to total BCR-ABL was
0.71 (median, 0.71; range, 0.02-2.18) in resistant patients
and 0.84 (median, 0.80; range, 0.30-2.15) in imatinib-naive
patients (Fig. 1B and Table 1). Phosphorylation of BCR-
ABL at Thr735 and Tyr245 was significantly lower in plasma
from imatinib-treated CML patients than in imatinib-naive
plasma (P =0.0007 and P=0.03, respectively). These data
demonstrate that BCR-ABL phosphorylation is inhibited in
imatinib-resistant cells. To test whether the plasma phospho-
rylation levels reflected the cell levels, we compared the ratios
of p-BCR-ABL (Thr735): total BCR-ABL and p-BCR-ABL
(Tyr245): total BCR-ABL in plasma with those in cells from
the same patient in eight paired samples and we found no
statistical difference (P =0.21).
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3.2. Levels of CrkL, AKT, and STATS5 phosphorylation

Phosphorylation of downstream effectors of BCR-ABL is
indicative of BCR-ABL kinase activity. We therefore com-
pared the phosphorylation of BCR-ABL-dependent sites in
the effectors AKT (Ser473), CrkL (Tyr207), and STAT5S
(Tyr694) in imatinib-treated versus imatinib-naive CML
patient peripheral blood or bone marrow cells. Represen-
tative histograms of p-CrkL (Tyr207) phosphorylation in
imatinib-resistant and -naive patients are shown in Fig. 2,
demonstrating a lower level of CrkL phosphorylation in
imatinib-resistant CML cells. Further, when MFI data were
converted to antibodies bound per cell, and data from 54
imatinib-naive patients were compared to that of 62 imatinib-
resistant patients, the imatinib-resistant cells had significantly

Imatinib-Naive
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Fig. 3. AKT phosphorylation is lower in imatinib-resistant CML patients than in imatinib-naive patients. Peripheral blood cells were fixed, permeabilized,
and incubated with anti-p-AKT (Ser473) antibody, followed by a PE-conjugated secondary antibody for detection via flow cytometry. Representative flow
cytometry histograms of p-AKT from an imatinib-resistant CML patient and an imatinib-naive patient are shown (filled, isotype control; line, p-AKT (Ser473)).
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Fig. 4. STATS5 phosphorylation does not differ in imatinib-naive and —resistant CML patients. Peripheral blood cells were fixed, permeabilized, and incubated
with anti-p-STAT5 (Tyr694) antibody, followed by a PE-conjugated secondary antibody for detection via flow cytometry. Representative flow cytometry
histograms of p-STAT5 from an imatinib-resistant CML patient and an imatinib-naive patient are shown (filled, isotype control; line, p-STAT5 (Tyr694)).

lower mean levels of p-CrkL (Table 1). Like CrkL, phos-
phorylation of AKT (Ser473) was also significantly lower in
imatinib-resistant cells as compared to imatinib-naive cells
(Fig. 3 and Table 1). In contrast, phosphorylation of STAT5
did not differ significantly between cells from imatinib-naive
and -resistant patients (Fig. 4 and Table 1). Similar results
obtained whether we gated on total cell population or we
gated on granulocyte population only.

3.3. BCR-ABL mutated versus unmutated in
imatinib-resistant

We investigated whether imatinib-resistant patients who
have BCR-ABL mutation differ from those resistant but
without BCR-ABL mutation. Direct sequencing of the
imatinib-resistant patients showed the presence of BCR-
ABL mutation in 27 of the 62 patients (44%). The detected
mutations included: G250E, L387M, E45K, M351T, M244V,
T3151, Y253F, H396R, F311L, Q252H, F315L, E334G,
and D276G. There was no statistical difference in the
ratios of p-BCR-ABL.: total BCR-ABL (Tyr245 and Thr735)
between mutated and unmutated resistant patients. However,
patients with mutated BCR-ABL had higher relative p-AKT
(P=0.04) as compared with unmutated resistant patients.
There was no difference in p-STAT5 or p-CrkL between
mutated and unmutated groups. However, we cannot rule out
the possibility that a specific mutation might be associated
with a specific change in phosphorylation. The number is too
small to compare between individual mutations.

4. Discussion

The BCR-ABL kinase-specific inhibitor imatinib is the
first targeted small molecule inhibitor to prove effective in the
treatment of cancer. However, some CML patients are resis-

tant to the drug, while others develop resistance over time. To
date, there has been no direct quantitative comparison of the
activity of key signaling pathways known to be involved in
BCR-ABL-mediated proliferation and survival. Using quan-
titative flow cytometry, in this study, we demonstrate that
plasma samples from patients exhibiting resistance to ima-
tinib have a lower level of phosphorylation of BCR-ABL
itself at two residues indicative of kinase activation (Tyr245
and Thr735). Moreover, the phosphorylation of downstream
BCR-ABL targets AKT and CrkL is reduced in imatinib-
resistant peripheral blood or bone marrow cells as compared
to imatinib-naive patients, although STAT5 phosphorylation
did not differ between the two groups.

Many mechanisms of imatinib-resistance have been
observed, and the most common is believed to be the restora-
tion of BCR-ABL tyrosine kinase activity via decreased drug
binding, putatively as the result of mutations in BCR-ABL
within the drug’s binding site or which affect the protein’s
conformation [6]. The first mutation demonstrated to accom-
plish this decrease in imatinib-binding was T315I [27], and
others have since followed ([28-32]; reviewed in [6]). If the
failure of imatinib to bind BCR-ABL is the key component of
resistance, future drug design should focus on more effective
inhibition of BCR-ABL tyrosine kinase activity. Our find-
ings, however, indicate that the imatinib resistance in our
patient population was not the result of reversion to high
levels of BCR-ABL signaling due to poor drug binding, as
BCR-ABL-dependent phosphorylation was consistently sig-
nificantly lower in imatinib-resistant patients. Rather, these
data suggest that alternative signaling pathways are engaged
to maintain survival and proliferation of imatinib-treated
CML cells. While binding site mutations undoubtedly confer
a survival advantage, especially those mutations that predate
imatinib therapy, they are more likely to exist in a subpopula-
tion of leukemic clones that are able to contribute to disease
progression [6].
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We observed that STAT5 phosphorylation levels in
imatinib-resistant and -naive patients did not differ signif-
icantly, despite the demonstrated decreases in activity of
known upstream signaling effectors in the resistant cells.
These findings support the concept that imatinib resistance
may be due to activation of pathways that deviate from the
canonical BCR-ABL signaling cascade. Examples include
the src-family kinases Lyn and Hck, which are activated by
BCR-ABL, and can also be expressed in imatinib-resistant
CML cells that exhibit suppressed tyrosine kinase activity
[8,33]. Further studies on resistance are needed to exam-
ine specific mutations, the potential activation of alternative
pathways, the possibility that alternative mechanisms may be
associated with one another, and the suitability and efficacy
of multi-target therapies in these instances.
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Abstract

We have developed a simplified sandwich immunoassay to measure free circulating total and phosphorylated fusion BCR-ABL protein in
patients with the 1(9;22)(q34;q11) chromosomal translocation. The assay is based on immunoprecipitating BCR-ABL protein using beads
coated with anti-BCR antibody and detecting the fusion protein with anti-ABL antibody and flow cytometry. We show that this method allows
the quantification of this protein in the plasma and may allow the measurement of tumor load. This method also allows the measurement of the
level of phosphorylation of the immunoprecipitated BCR-ABL using antibodies against phosphorylated ABL protein, which can be used for
monitoring of therapy with kinase inhibitors. The sensitivity of this immunoassay was comparable to the sensitivity of reverse transcription-
polymerase chain reaction (RT-PCR) assay. This technique is useful in monitoring patients with chronic myeloid leukemia (CML) or acute
lymphoblastic leukemia (ALL), but the same approach can be used in other translocations and has the potential of multiplexing.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: BCR-ABL,; Fusion protein; CML; Beads; Phosphorylation; MDR; Imatinib

1. Introduction

As in most of the chromosomal translocations that result
in fusion protein, the BCR-ABL fusion protein is a constitu-
tively active tyrosine kinase. Recently this BCR-ABL fusion
protein has been successfully targeted for therapy by a spe-
cific tyrosine kinase inhibitor, imatinib (STI571; Gleevec®,
Novartis Pharmaceuticals Corporation, East Hanover, NJ)
[1-3]. Despite the success of this drug, a significant fraction
of patients (10-30%) respond poorly or develop resistance
to imatinib therapy [4]. Resistance to imatinib therapy has
spurred development of new, more specific kinase inhibitors
such as BMS-354825 and AMNZ107 that target resistant forms
of the BCR-ABL protein [4-6]. Monitoring residual disease
in CML patients currently depends on RT-PCR assay of BCR-

* Corresponding author. Tel.: +1 949 728 4784; fax: +1 949 728 4990.
E-mail address: maher.x.albitar@questdiagnostics.com (M. Albitar).

0145-2126/$ — see front matter © 2007 Elsevier Ltd. All rights reserved.
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ABL mRNA, however the RT-PCR assay presents inherent
difficulties with variability and standardizing quantitation
[7,8]. In addition, it has become increasingly important to be
able to assay the activity of the BCR-ABL protein in CML
patients as a potential diagnostic tool to predict response
or prognosis, and as a means of monitoring efficacy and
response to therapy.

The BCR-ABL protein, in the absence of inhibition, is
phosphorylated on Thr-735 in the conserved 14-3-3 protein
binding motif and on Tyr-245 in the linker region between
the SH2 and catalytic domains of the ABL portion of the
fusion. Autophosphorylation at Tyr-245 is involved in the
activation mechanism of the kinase whereas the role of phos-
phorylation at Thr-735 remains unclear [9-11]. Importantly,
the phosphorylation state of these residues serves as an indi-
cator of BCR-ABL kinase activity. Therefore, an accurate,
direct, and quantitative measure of BCR-ABL protein levels
and its activity is needed.
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We report a simplified immunoassay for measuring lev-
els of BCR-ABL protein and its phosphorylation state
that is suitable for routine analysis in clinical laboratories.
Since we have demonstrated previously that leukemic cells
pour their proteins into circulation, for example, cCD20
and cCD52 [12,13], plasma from peripheral blood sam-
ples of CML patients was tested for BCR-ABL protein
using this new assay. The immunoassay detected levels
of BCR-ABL protein with a sensitivity comparable to the
reverse transcriptase-polymerase chain reaction assay used
to measure minimal residual disease. More importantly, the
immunoassay was able to measure the proportion of BCR-
ABL that was phosphorylated on Thr-735 and Tyr-245,
providing valuable information on the kinase activity of the
BCR-ABL protein in CML patients.

2. Patients, materials, and methods
2.1. Patient samples

All samples were collected and processed according
to institutional guidelines and an IRB-approved protocol.
Patients were diagnosed with CML based on clinical findings,
cytogenetics, FISH studies, and RT-PCR analysis. Plasma
was prepared from peripheral blood samples collected from
previously untreated CML patients (n=54) who were to
be treated with imatinib (Gleevec®, Novartis Pharmaceuti-
cals Corporation). Additional samples from these patients
were collected at 3 months (n=33), 6 months (n=13), 9
months (n=13), and 12 months (n=6) after initiation of
imatinib treatment. The number of follow-up samples is too
smalls, but obtaining additional samples from the same cohort
from the same institution was not possible due to the depar-
ture of two of the coauthors from the original institution,
which created logistic difficulties. However, we also tested
590 samples that were Philadelphia-positive by cytogenetic
analysis, including 95 samples from patients with acute lym-
phoblastic leukemia (ALL), all of which were confirmed by
cytogenetics or FISH. These samples were from patients who
had been treated by various regimens, including interferon
and imatinib, and some patients were known to be resis-
tant. Peripheral blood from 96 healthy individuals and 20
acute myeloid leukemia (AML) patients with translocations
other than BCR-ABL was also collected for use as nega-
tive controls. All samples were collected in tubes containing
EDTA (ethylenediaminetetraacetic acid), centrifuged, and
the plasma stored at —70 °C until assayed.

2.2. Bead-based BCR-ABL protein immunoassay

Carboxylated polystyrene beads (Bangs Laboratories,
Fishers, IN) were coated with antibodies directed against
BCR protein (Santa Cruz Biotechnology, Santa Cruz, CA)
according to the manufacturer’s protocol. Plasma or cell
lysate samples were diluted 1:50 in phosphate-buffered saline

(PBS) containing 2% bovine serum albumin (BSA), dena-
tured with 2% sodium dodecyl sulfate (SDS) at 96 °C for
4 min, and centrifuged at 13,000 rpm for 2 min at room tem-
perature. The supernatant was incubated with 30 wl anti-BCR
conjugated beads at room temperature for 2 h with constant
mixing, followed by three washes with PBS/2% BSA, and
resuspension in 600 wl of the same solution. Each sample was
then divided into three equal aliquots. Five microliters of anti-
bodies specific for total ABL (Santa Cruz Biotechnology),
ABL phosphorylated on Thr-735 (Cell Signaling Technol-
ogy, Beverly, MA), or ABL phosphorylated on Tyr-245 (Cell
Signaling Technology) (using amino acid numbering of the
c-ABL protein) was added to the aliquots. The mixtures were
then incubated at room temperature for 1 h. The beads were
then washed three times with PBS/2% BSA and resuspended
in 200 wl of the same solution, followed by addition of 10
mouse and human adsorbed, goat anti-rabbit antibody labeled
with one molecule of phycoerythrin (PE) per molecule of
antibody (Santa Cruz Biotechnology). After room tempera-
ture incubation for 30 min, the beads were again washed three
times in PBS/2% BSA plus 2% sodium azide, and resus-
pended in 500 wl PBS/2% BSA. Fluorescence signals were
acquired by the FACSCanto flow cytometry platform and
were quantitated with the QuantiBrite Bead system (Becton
Dickinson Immunocytometry Systems, San Jose, CA). Data
were analyzed using Flow-Jo software (Tree Star Inc., Ash-
land, OR). The use of 1:1 PE labeling allowed the staining
intensity on the bead surface to be converted to number of
molecules bound per bead using the QuantiBrite Bead system
in Flow-Jo. The percentage of positive beads was multiplied
by the mean number of molecules per bead, and then con-
verted to the number of molecules per 100 beads per 10 ul of
plasma, the arbitrary units used for quantitation of BCR-ABL
protein species in this paper.

2.3. Invitro treatment with imatinib and AMNI107

Imatinib mesylate and AMN107 (kindly provided by
Novartis Pharmaceuticals, Basel, Switzerland) were made as
10 mM stocks in DMSO and stored at —20°C. K562 cells
were maintained in RPMI-1640 supplemented with 10% fetal
bovine serum and antibiotics. 1 x 108 K562 cells were plated
in 6-well tissue culture plates and treated with DMSO alone,
imatinib, or AMN107 at different concentrations. Cell cul-
tures were incubated for 18 h at 37°C in 5% CO,. Cells
were then washed two times with PBS, lysed, and the lysates
analyzed by the bead-based BCR-ABL assay.

2.4. RT-PCR assay for BCR-ABL mRNA

We used a standard real-time quantitative RT-PCR assay
for BCR-ABL mRNA. Briefly, extracted sample RNA was
subjected to a single tube real-time RT-PCR reaction to
measure the quantity of the two types of BCR-ABL fusion
transcripts (b2a2/b3a2 and ela2). An additional amplifica-
tion for the abl gene was performed to control for sample
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RNA quality and as a reference for relative quantification.
The results are reported as a ratio between the quantities of
the BCR-ABL fusion mRNA and the internal control mMRNA
[14].

2.5. Statistical analysis

Patient characteristics were summarized using standard
descriptive statistics for continuous variables and tabulations
for categorical variables. Relationships between continuous
variables were assessed with Spearman rank correlations. The

chi-square test was used to assess relationships between cate-
gorical variables. Factors found to be statistically significant
at the 5% level.

3. Results

3.1. Characterization of the immunoassay for BCR-ABL

The immunoassay is performed using beads as a solid sup-
port with phycoerythrin fluorescence detection. The assay
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Fig. 1. Detection of BCR-ABL protein and its phosphorylation using bead in patients with CML. (A) Levels of total BCR-ABL in 54 previously untreated
CML patients sorted from lower level to highest. Clear variation between patients is seen. (B) There is no significant difference in the relative phosphorylation
of BCR-ABL between previously untreated patients. The same patients shown in panel (A) are shown in panel (B) in the same order.
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measures the levels of the BCR-ABL fusion protein, as well
as its activity, which is indicated by the phosphorylation state
of the Thr-735 and Tyr-245 residues in the ABL portion of
the protein. Plasma from peripheral blood of normal subjects
produced signals similar to those for bovine serum albumin
alone, which was similar to isotypic control, indicating that
normal plasma could serve as a negative control. Plasma
from peripheral blood of CML and Philadelphia-positive
ALL patients yielded significant signals above the thresh-
old set by the negative control, demonstrating the ability of
the assay to detect BCR-ABL and tyrosine-phosphorylated
BCR-ABL protein in these samples. Plasma samples from
96 normal subjects all produced negative results (value of
0 or less) in the immunoassays, and plasma samples from
20 AML patients with various cytogenetic abnormalities
other than the Philadelphia chromosome also showed neg-
ative results (signal below the threshold for positive results,
supporting the specificity of the assay. The AML samples
included three patients with acute promyelocytic leukemia,
two patients with inversion 16 and three patients with translo-
cations involving the MML gene on chromosome 11 (11923).
By contrast, all 54 samples from previously untreated CML
patients and 590 samples from confirmed Philadelphia-
positive ALL and CML patients were positive for BCR-ABL.

Significant variation in the levels of BCR-ABL protein
was observed among previously untreated patients. As shown
in Fig. 1A levels of BCR-ABL protein in previously untreated
CML patients varied from 68,835t0 2,512,752 mol/10 wl (37-
folds with standard deviation (S.D.) of 566,224) (Fig. 1A).
In contrast, phosphorylation levels (ratio of phosphor-BCR-
ABL:BCR-ABL) for both Thr-735 and Tyr-245 did not vary
significantly (median of 0.8 for both and S.D. of 0.2 and
0.3, respectively) (Fig. 1B). Differences between levels of the
BCR-ABL protein among patients are most likely represent
differences in tumor load. We found significant (P <0.01)

correlation between BCR-ABL protein levels in plasma
with LDH (r=0.35), percent of promyelocytes/myelocytes
(r=0.40), and white blood cells (»=0.49). Although further
confirmation is needed, the demonstration that pre-therapy
phosphorylation levels are not significantly different between
those with high levels of disease and those with low levels
suggests that the difference between these patients is mainly
due to early versus late detection. The difference between
patients in levels of BCR-ABL protein may have implication
for therapy and dosing. Further studies are needed to test if
patients with high levels of BCR-ABL protein require higher
dosing of imatinib.

The second tested group of patients who were previously
treated (n =590) were randomly selected and were at various
stages of their disease. BCR-ABL protein was positive in
all these patients. When protein results were correlated with
RT-PCR, 14 (2%) were negative by RT-PCR and positive by
protein. No patient was positive by RT-PCR and negative by
protein assay. All tested samples had viable and adequate
quantity of RNA as confirmed by the demonstration of ade-
quate (CT <33) internal control (ABL gene mRNA) [15].
The median level of BCR-ABL protein in these patients was
373,592 mol/10 wl plasma. The phosphorylation levels (ratio
of phosphor-BCR-ABL:BCR-ABL) for Thr-735 and Tyr-245
were 0.6 (for both), but with significant variation (S.D.=0.4
for both) due to the heterogeneity of this group. However,
there was no significant correlation between the protein lev-
els and levels of MRNA as detected by RT-PCR. This is not
surprising, since the protein levels were measured in plasma,
while the RT-PCR was performed on peripheral blood cells.
The plasma protein levels reflect the total volume in the
body, while the RT-PCR reflects the percent of cells with
the Philadelphia chromosome. However, a direct correlation
between RT-PCR analysis of cells and plasma BCR-ABL
protein measurement in plasma and correlation with clinical
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Fig. 2. Sensitivity and linearity of the immunoassay for detecting total and phosphorylated BCR-ABL protein. BCR-ABL-positive K-562 cells were diluted in

plasma obtained from normal subjects.
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outcome and behavior is important to fully understand the
clinical value of this approach.

To determine the sensitivity of the assay, BCR-ABL-
positive K562 cells were lysed and diluted in normal plasma.
Detection of BCR-ABL protein, phosphorylated Thr-735,
and phosphorylated Tyr-245 was linear over 5 orders of mag-
nitude of input cell numbers (Fig. 2). Lysate from as few as
10 cells per 1 ml of plasma could be reliably detected by the
immunoassay. However, there is a difference in the magni-
tude of changes in measured protein versus the input protein.
As shown in this figure, the magnitude of increase in the lev-
els of the measurable proteins is significantly lower than the
input protein, but remains linear.

When the same sample was analyzed in five indepen-
dent experiments, coefficients of variation (CV) were 6.09%
for BCR-ABL protein, and 8.49-9.62% for phosphorylated
BCR-ABL protein, indicating excellent precision for the
assay. The stability of the plasma samples at room temper-
ature was assessed over a 96 h period. There was excellent
relative stability with CV values below 15% at 96 h. However,
whole blood samples when collected in EDTA were stable up
to 48 h. The CV of testing was >20% when whole blood sam-
ples were tested after 48 h of collection. All patients samples
reported in this study were analyzed within 48 h of collection.

In order to assess the ability of the immunoassay to detect
changes in the degree of BCR-ABL phosphorylation that
might be expected during treatment of CML, cultures of
the CML-derived cell line K562 were analyzed after treat-
ment with the kinase inhibitor imatinib, which is currently
in wide use as a chemotherapeutic agent, or with AMN107,
a newly developed kinase inhibitor that is more specific for
the ABL kinase. Treatment with 5 uM imatinib or AMN107,
which approximates the peak steady state levels of imatinib
in plasma following the standard dose for chronic phase CML
(4.6 wM) [16], resulted in four- to nine-fold decreases in
the phosphorylation states of Thr-735 and Tyr-245 relative
to control treatment with vehicle (Table 1). Treatment with
0.05 wM imatinib or AMN107, a concentration well below
the trough concentration of imatinib found in plasma during
a standard regimen (2.13 wM) [16], still achieved measurable
reductions in the phosphorylation states of Thr-735 and Tyr-
245, ranging from 1.33- to 1.43-fold. These results confirm
the ability of the phospho-BCR-ABL immunoassay to detect
decreases in Thr-735 and Tyr-245 phosphorylation occurring
as a result of treatment with a kinase-inhibitory chemothera-

Table 1
Effects of kinase inhibitors on phosphorylation of BCR-ABL in K-562 cells

peutic agent. In other word, this confirms the specificity of our
assay in detecting the phosphorylation levels in BCR-ABL
fusion protein (Table 1).

3.2. Use of the BCR-ABL protein immunoassay to
monitor CML patients treated with imatinib

The immunoassay was used to monitor BCR-ABL protein
levels and phosphorylation state in CML patients before and
during treatment with imatinib. Elevated levels of BCR-ABL
protein in plasma from peripheral blood were found at base-
line prior to treatment (Fig. 3, panel A). BCR-ABL protein
levels decreased after 3 and 6 months of treatment. Levels of
BCR-ABL protein phosphorylation at Thr-735 and/or Tyr-
245 also showed decreases after 3 and 6 months of imatinib
treatment, similar to those seen for total BCR-ABL protein
(Fig. 3, panels B and C). All changes from pretreatment
values were statistically significant (P <0.01).

To determine the potential of this assay in monitor-
ing patients with CML, we collected plasma samples from
peripheral blood from patients with CML at different time
points after initiation of imatinib treatment and analyzed
by both the immunoassay for BCR-ABL protein and the
standard cell-based RT-PCR assay for BCR-ABL mRNA.
In samples obtained after 6, 9, and 12 months on therapy,
BCR-ABL was detected by both methods in 22 of 32 sam-
ples. BCR-ABL was detected by the protein assay but not the
RT-PCR assay in four samples, by the RT-PCR assay but not
the protein assay in one sample, and by neither assay in five
samples. These results indicate high sensitivity for the protein
assay and with results comparable to the cell-based RT-PCR
assay. For samples obtained at 3 months of therapy, the results
from the two methods agreed for 23 of 33 samples. Five sam-
ples were negative according to the cell-based RT-PCR assay
and positive by the plasma protein assay, and conversely, five
samples were negative according to the protein assay and
positive by the RT-PCR assay. All tested samples by RT-PCR
had viable and adequate quantity of RNA as confirmed by
the demonstration of adequate internal control (ABL gene
mRNA) [15].

As noted above, overall BCR-ABL phosphorylated at Thr-
735 and/or Tyr-745 decreased during imatinib treatment in a
pattern similar to the decrease of total BCR-ABL protein.
To determine whether the reduction in phosphorylated BCR-
ABL protein with imatinib therapy correlated with a clinical

Cell treatment Phosphorylation on Thr-735

Phosphorylation on Tyr-245

Proportion of total BCR-ABL

Fold decrease vs. vehicle

Proportion of total BCR-ABL Fold decrease vs. vehicle

Vehicle 0.36

AMN107, 0.05 pM 0.27 1.33
AMN107, 5 pM 0.09 4.00
Imatinib, 0.05 uM 0.19 191
Imatinib, 5 pM 0.08 4.5

0.53

0.37 1.43
0.06 8.83
0.32 1.66
0.11 4.81

Phosphorylation of BCR-ABL on Thr-735 and Tyr-245 was not detected in control lysates from a normal, cell line, nor in control assays of PBS.
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Fig. 3. Levels of total and phosphorylated BCR-ABL protein in CML
patients before and during imatinib treatment. Plasma prepared from periph-
eral blood of CML patients was assayed by the immunoassay method for total
BCR-ABL protein (panel A), BCR-ABL protein phosphorylated on Thr-735
(panel B), and BCR-ABL protein phosphorylated on Tyr-245 (panel C).

response, patients were divided into two subgroups by results
of RT-PCR assays of BCR-ABL mRNA after 3 months of
treatment, those with a higher level of disease and those who
demonstrated a molecular response to treatment. There were
no significant differences between the two groups of patients
at baseline prior to treatment (Fig. 4). In patients with a higher
level of disease (defined as a ratio of BCR-ABL mRNA to ref-
erence ABL mRNA of >0.05 at 3 months), the proportions
of BCR-ABL protein that were phosphorylated at Thr-735
and/or Tyr-245 were not significantly reduced from baseline
after 3 months of treatment (Fig. 4, panel A). By contrast, in
patients who demonstrated a molecular response to imatinib

treatment (BCR-ABL:ABL mRNA ratio <0.05 at 3 months),
the proportions of BCR-ABL protein that were phosphory-
lated at Thr-735 and/or Tyr-245 were significantly reduced
(P=0.01; Fig. 4, panel B).

4. Discussion

The abnormal kinase activity of the BCR-ABL protein is
the hallmark of CML and is responsible for transformation
of hematopoietic cells, leading to proliferation and reduced
apoptosis. An inhibitor specific for the ABL kinase, ima-
tinib, has become the most important treatment for CML,
and research for more effective inhibitors continues. The
best currently available method for routine measurement of
residual disease in CML patients employs RT-PCR to detect
BCR-ABL mRNA [7,8]. However, an assay of the BCR-ABL
protein itself and its kinase activity would provide the most
direct measures of disease activity, progression, and response
to treatment. Such an assay that could be rapidly and routinely
performed in clinical laboratories would be very useful for
monitoring treatment of CML patients.

The large size and unstable nature of the BCR-ABL pro-
tein have limited its detection and measurement of its activity
by standard Western blot analysis. Immunoprecipitation on
beads after a minor denaturation step appears to preserve the
integrity of this large and complex protein, apparently main-
taining its overall structure and phosphorylation state. The
bead-based ELISA assay presented in this paper depends on
initial immunoprecipitation of proteins with a BCR-specific
antibody, followed by detection of the BCR-ABL fusion
protein with an ABL-specific antibody. Phosphorylation of
BCR-ABL was detected by using antibodies directed against
phosphorylated Thr-735 and Tyr-245 in the ABL domain of
the fusion protein. The bead-based assay clearly detected
BCR-ABL protein specifically and reliably: all normal sam-
ples tested were negative. The assay was linear over a 5-log
range, showed excellent reproducibility, and could detect
BCR-ABL from as few as 10 input K562 cells in 1 ml of
plasma.

We have previously demonstrated that leukemic cells
pour their proteins, DNA, and RNA into plasma [12,13]. In
this paper, we used plasma prepared from peripheral blood
samples to detect the BCR/ABL fusion protein and its phos-
phorylation in CML and Philadelphia-positive ALL patients.
The use of plasma prepared from peripheral blood has the
obvious advantage of convenient sampling. More impor-
tantly, plasma reflects the entire body and is not influenced by
sampling as are cell samples from bone marrow or peripheral
blood. In addition, using plasma allows for better quantifi-
cation and standardization because the copy number of the
fusion protein can be normalized to a specific amount of
plasma. Reliable quantification of BCR-ABL is important
because levels of BCR-ABL or its degree of phosphoryla-
tion, which vary from one patient to another as demonstrated
in Fig. 1, may reflect the tumor mass. Variation in tumor mass
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Fig. 4. Decreased levels of BCR-ABL phosphorylation in CML patients with a molecular response to imatinib treatment. Molecular response was defined as
a ratio of BCR-ABL to ABL mRNA of <0.05, as determined by RT-PCR after 3 months of treatment. The proportions of total BCR-ABL protein that were
phosphorylated on Thr-735 (TH) and Tyr-245 (Tyr) are shown prior to and after 3 months of treatment for CML patients who did not show a molecular response
(panel A), and for those with a molecular response (panel B). Significantly lower proportions of phosphorylated BCR-ABL were found in patients showing a

molecular response to treatment compared with those who did not (P =0.01).

may be useful for determining the optimal dose of imatinib,
although clinical trials are needed to confirm this notion. It
is possible that patients with high levels of BCR-ABL in
plasma (high tumor bulk) would benefit from a dose of ima-
tinib that is greater than the recommended 400 mg; perhaps
this subset of patients should be treated with 600 or 800 mg
of imatinib.

BCR/ABL protein levels determined from plasma of CML
patients declined after treatment with imatinib from the ele-
vated levels found at diagnosis. Results of the immunoassay
for BCR-ABL protein in CML patient samples after 3-12
months of imatinib treatment showed a pattern of reduction
that paralleled the results found with cell-based RT-PCR anal-
ysis of BCR-ABL mRNA. However, when compared with
RT-PCR ratios the changes in protein levels are not to the
same order of magnitude. The change in the median from pre-
therapy is approximately 600,000 at 3 months and 735,000

at 12 months. The two assays measure completely differ-
ent dimensions of the disease. The BCR-ABL protein assay
measures changes in the tumor mass of the disease, whereas
the RT-PCR assay measures the ratio of leukemic cells to
normal cells and is therefore influenced by the recovery of
normal hematopoietic cells. Unlike the cell-based assay of
BCR-ABL mRNA, the plasma immunoassay directly moni-
tors BCR-ABL protein, thereby accounting for any effects of
post-transcriptional regulatory mechanisms on synthesis of
BCR-ABL.

The kinase activity of the BCR-ABL protein is indicated
by the phosphorylation state of Thr-735 and Tyr-245 in the
ABL domain, which occurs by autophosphorylation in the
case of Tyr-245 [9,10]. The proportions of total BCR-ABL
protein that were phosphorylated on these residues as deter-
mined by the immunoassay correlated well with ex-vivo
treatment of CML-derived cultured K562 cells by clinically
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relevant concentrations of imatinib and AMN107, similar to
the results described for assay by Western blot or immuno-
precipitation. Analysis of plasma samples from CML patients
showed that BCR-ABL kinase activity, as indicated by lev-
els of phosphorylation on these residues, decreased after
imatinib treatment. Thus, imatinib treatment decreased both
the amount of BCR-ABL protein, and the activity of that
BCR-ABL protein that remained. In the subgroup of CML
patients identified by RT-PCR as molecular responders to
imatinib therapy, the proportions (ratio) of BCR-ABL protein
phosphorylated on Thr-735 and Tyr-245 were significantly
decreased, whereas they were not significantly changed in
the subgroup that lacked a molecular response. Together,
these observations suggest that our immunoassay of BCR-
ABL phosphorylation might be useful to monitor the efficacy
of therapy and perhaps predict at an early stage of therapy
which patients may require a change in dosing or a combi-
nation therapeutic regimen. However, further studies with a
larger number of patients are needed to validate the clinical
value of this approach.
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Cotreatment with Vorinostat Enhances Activity of MIK-0457
(VX-680) against Acute and Chronic Myelogenous Leukemia Cells
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Abstract

Purpose: We determined the effects of vorinostat (suberoylanalide hydroxamic acid) and/or
MK-0457 (VX-680), an Aurora kinase inhibitor on the cultured human (HL-60, OCI-AML3, and
K562) and primary acute myelogenous leukemia (AML) and chronic myelogenous leukemia
(CML), as well as on the murine pro-B BaF3 cells with ectopic expression of the unmutated and
mutant forms of Bcr-Abl.

Experimental Design: Following exposure to MK-0457 and/or vorinostat, apoptosis, loss of
viability, as well as activity and levels of Aurora kinase and Bcr-Abl proteins were determined.
Results: Treatment with MK-0457 decreased the phosphorylation of Aurora kinase substrates
including serine (S)10 on histone H3 and survivin, and led to aberrant mitosis, DNA endoredupli-
cation as well as apoptosis of the cultured human acute leukemia HL-60, OCI-AML3, and K562
cells. Combined treatment with vorinostat and MK-0457 resulted in greater attenuation of Aurora
and Bcer-Abl (in K562) kinase activity and levels as well as synergistically induced apoptosis of
OCI-AMLS3, HL-60, and K562 cells. MK-0457 plus vorinostat also induced synergistic apoptosis
of BaF3 cells with ectopic overexpression of wild-type or mutant Ber-Abl. Finally, cotreatment
with MK-0457 and vorinostat induced more loss of viability of primary AML and imatinib-
refractory CML than treatment with either agent alone, but exhibited minimal toxicity to normal
CD34+ progenitor cells.

Conclusions: Combined /n vitro treatment with MK-0457 and vorinostat is highly active against
cultured and primary leukemia cells. These findings merit in vivo testing of the combination
against human AML and CML cells, especially against imatinib mesylate —resistant Bcr-

AbIT3151 — expressing CML Cells.

The Aurora kinases are a family of serine/threonine kinases
that play an important role in maintaining the fidelity of
mitosis by regulating spindle formation, chromosome segrega-
tion, and cytokinesis (1-3). Aurora A localizes to the
centrosomes and spindle poles and is involved in centrosome
maturation and duplication (1-3). Aurora B, a chromosomal
passenger protein, localizes to centromeres, midzone micro-
tubules, and midbodies. Aurora B plays a role in chromosomal
alignment, spindle assembly checkpoint, and cytokinesis
(1-3). The gene encoding Aurora A is on the long arm of
chromosome 20 (20q13.2-13.3), a region that is frequently
amplified in epithelial cancers (2, 4-6). Aurora A over-
expression is also commonly observed in human acute
leukemia cells (2). Aurora B is often co-overexpressed with
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Aurora A (7, 8). Phosphorylation of Aurora A at threonine 288
is required for the kinase activity of Aurora A and for mitotic
entry (9, 10). Ectopic overexpression of Aurora A transforms
normal cells and leads to aberrant chromosome segregation,
genomic instability, and activation of oncogenic pathways
(2, 6, 11). Consistent with this, deregulated Aurora kinase
activity in cancer cells leads to defects in centrosome function,
aberrant spindle assembly, misalignment of chromosomes,
abnormal cytokinesis, and genetic instability (6, 11). Several
proteins that have important roles in cell division are known
substrates phosphorylated by Aurora kinases. These include
serine 10 on histone H3, CENP-A, and survivin (12). Due to the
pivotal role that Aurora A and Aurora B plays in mitosis, novel
agents that abrogate the activities of Aurora A and/or Aurora B
kinase have been developed and are being tested for antitumor
efficacy (8, 12). MK-0457 (VX-680) is a small molecule
inhibitor that inhibits the activity of Aurora A, Aurora B, and
Aurora C kinases with inhibition constants (K;) of 0.6, 18, and
4.6 nmol/L, respectively (1, 12). However, the phenotypic
effects induced by treatment with this agent in cancer cells
are consistent with Aurora B-specific inhibition similar to
AZD1152 and ZM447439 (e.g., depletion of histone H3
serine 10 phosphorylation, inhibition of cell division, mis-
alignment of the chromosomes, and polyploidy; refs. 12, 13).
In transformed cells with mitotic checkpoint errors, MK-0457
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MK-0457 and Vorinostat against AML and CML Cells

Translational Relevance

This article describes preclinical /in vitro findings demon-
strating the synergistic antileukemia activity of a novel
combination of the pan-histone deacetylase inhibitor
vorinostat and the Aurora kinase inhibitor MK-0457 in the
treatment of acute myelogenous leukemia (AML) and
chronic myelogenous leukemia (CML). Treatment with
MK-0457 inhibits the activity of Aurora kinase A and B, as
well as induces cell cycle G,-M phase accumulation,
endoreduplication, and apoptosis of AML and CML cells.
Vorinostat induces acetylation of heat shock protein 90
(hsp90), disrupts the chaperone association of hsp90 with
Aurora kinases, thereby depleting Aurora kinase level and
activity in AML and CML cells. Importantly, cotreatment
with MK-0457 and vorinostat exerts synergistic depletion
of Aurora kinases and induces apoptosis of AML and
CML cells, including those with imatinib-resistant, dasati-
nib-resistant, and nilotinib-resistant mutant Bcr-AbIT3151.
These studies support the rationale for testing the com-
bination of vorinostat and MK-0457 in patients with
relapsed AML or CML.

treatment blocks cell cycle progression, leading to accumula-
tion of cells with greater than 4N DNA content, mitotic
slippage, ultimately inducing apoptosis (13, 14). At nanomolar
concentrations, MK0457 has also been shown to inhibit
Fms-related tyrosine kinase-3 (FLT-3) and Bcr-Abl tyrosine
kinases, including the imatinib-resistant, nilotinib-resistant,
and dasatinib-resistant mutant Bcr-AbIT3151 (15, 16). Recently,
MKO0457 showed antileukemia efficacy in patients with
imatinib-refractory chronic myelogenous leukemia (CML)
harboring Bcr-AbIT3151 (17).

Vorinostat (suberoylanilide hydroxamic acid) is a hydroxa-
mic acid analogue pan-histone deacetylase inhibitor (HA-HDI;
ref. 18). Vorinostat has been shown to inhibit both class I and
II HDACs and alter the expression of up to 10% of genes in
transformed cells (19). This is associated with growth arrest,
differentiation, and apoptosis of human leukemia more than
normal cells (19, 20). Treatment with HDIs lead to increased
levels of the cell cycle inhibitor proteins p21 and p27,
generation of reactive oxygen species, as well as up-regulation
of the proapoptotic proteins, e.g., Bax, Bak, and Bim (19-22).
HA-HDIs are also known to deplete the levels of antiapoptotic
proteins, e.g., Bcl-2, Bcl-x;, Mcl-1, XIAP, and survivin in human
leukemia cells (19-22). By inhibiting HDACG6, a predomi-
nantly cytosolic HDAC that is known to deacetylate hsp90
(20-22), treatment with HA-HDIs induces hsp90 acetylation
(20, 23). This inhibits the chaperone function of hsp90, which
directs hsp90 client proteins, including c-Raf, AKT, FLT-3, and
Bcr-Abl, to polyubiquitylation and degradation by the 26S
proteasome (23). Thus, treatment with HA-HDIs may not only
epigenetically influence gene expression, but through inhibi-
tion of hsp90, may also deplete the levels of progrowth and
prosurvival proteins, e.g., Bcr-Abl in human leukemia cells.
Additionally, our previous findings have highlighted that
depletion of the levels of Bcr-Abl with HA-HDI treatment
coupled with inhibition of the Bcr-Abl activity by treatment
with Bcr-Abl kinase inhibitor imatinib, nilotinib, or dasatinib
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exerts synergistic apoptotic effects against leukemia cells with
wild-type Bcr-Abl (21, 24, 25). Similar effects were noted when
mutant FLT-3 was targeted by the combination of HA-HDI
with a FLT-3 kinase inhibitor (26). Recent reports indicate that
Aurora kinases may also require chaperone association with
hsp90, and inhibition of its chaperone function may lead to
depletion of Aurora kinases (27). Inhibition of Aurora kinase
activity has also been shown to exert anti-acute myelogenous
leukemia (AML) activity (13, 28, 29). Taken together, these
findings created a strong rationale to determine the antileuke-
mia effects of the combination of vorinostat and MK-0457
against AML and CML cells with unmutated or mutant Bcr-Abl.
Findings presented here show that combined treatment with
vorinostat and MK-0457 is highly active and exerts superior
antileukemia activity than either agent alone against cultured
and primary AML and CML cells, including those expressing
the P-loop mutant Bcr-AblE255K or the gatekeeper mutation
Ber-AbIT3151 (25).

Materials and Methods

Reagents and antibodies. MK-0457 and vorinostat were kindly
provided by Merck & Co., Inc. Monoclonal c-Abl antibody, and poly-
clonal anti-STAT5A/B were purchased from Santa Cruz Biotechnology.
Monoclonal anti - p-STAT5 and monoclonal antiphosphotyrosine were
purchased from BD Biosciences. Polyclonal anti-phospho-Aurora A,
anti - phospho-survivin, and monoclonal anti-survivin were purchased
from Abcam. Rabbit monoclonal anti-Aurora A, Aurora B, and
phospho-Ser10 histone H3 antibodies were purchased from Epitomics,
Inc. Antibodies for the immunoblot analyses of p-CrkL and CrkL were
purchased from Cell Signaling Technologies. Other reagents and
antibodies used in the studies were procured as previously reported
(21-26). Mouse monoclonal anti-hsp90, rat monoclonal anti-hsp90,
and polyclonal anti-hsp70 antibodies were purchased from StressGen
Biotechnologies, Corp. Affinity-purified polyclonal antibody against Ac-
K69-hsp90 was generated by Alpha Diagnostic based on
the synthetic 12-amino acid peptide flanking K69 (acetylated and
unacetylated) ETLTDPSKLDSGK.

Cell lines and cell culture. CML-BC K562 cells and AML HL-60
cells were obtained and maintained in culture, as previously described
(23-26). OCI-AML-3 cells were cultured in a-MEM medium with 1%
penicillin/streptomycin and 1% nonessential amino acids. Logarithmi-
cally growing cells were exposed to the designated concentrations of
MK-0457 and/or vorinostat. Following these treatments, cells or cell
pellets were washed free of the drug(s) prior to the performance of the
studies.

Creation of BaF3/Bcr-Abl, BaF3/Bcr-AblE255K, and BaF3/Bcr-
AbIT315I cell lines. Mutant p210Bcr-AblE255K and p210Bcr-AbIT3151
containing plasmids were generated by site-directed mutagenesis, as
previously described (21, 25). The p210 Bcr-Abl constructs were
nucleofected into BaF3 cells, as previously described (21, 25). After
confirmation of Bcr-Abl expression by immunoblot analysis, cells were
used for the studies described below.

Primary AML blasts and CML cells. Primary acute myeloid leukemia
(AML) and imatinib-resistant CML cells were obtained with informed
consent as part of a clinical protocol approved by the Institutional
Review Board of the Medical College of Georgia. Peripheral blood or
bone marrow aspirate samples were collected in heparinized tubes, and
mononuclear cells were separated using Lymphoprep (Axis-Shield),
washed once with complete RPMI 1640 medium, resuspended in
complete RPMI 1640 and counted to determine the number of cells
isolated prior to their use in the various experiments. The purity of the
blast populations were confirmed to be 80% or better by morphologic
evaluation of cytospun cell preparations stained with Wright stain
(24, 25). Banked, de-linked, and de-identified donor peripheral blood
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CD34+ mononuclear cells procured for recipients who had since died
were purified by immunomagnetic beads conjugated with anti-CD34
antibody prior to use in the cell viability assay (StemCell Technologies).

Cell cycle analysis. Following the designated treatments, cells were
harvested and washed twice with 1x PBS and fixed in ethanol
overnight. Fixed cells were washed twice with 1X PBS and stained
with propidium iodide for 15 min at 37°C. Cell cycle data were
collected on a flow cytometer with a 488 nmol/L laser and analyzed
with ModFit 3.0, as previously described (24). Cells with <2N DNA
content (sub-G;) were also determined (24).

Confocal microscopy. HL-60, OCI-AML3, and K562 cells were
cultured in the presence or absence of MK-0457 for 24 h. Cells were
cytospun onto glass slides and fixed with 4% paraformaldehyde for
10 min. Following this, the slides were blocked with 5% bovine serum
albumin for 30 min and incubated with FITC-conjugated a-tubulin and
Dy547-conjugated y-tubulin (Abcam) at a dilution of 1:50 in blocking
buffer for 2 h. For MPM-2 staining, cells were stained for 1 h with a
FITC-conjugated MPM-2 antibody at a 1:100 dilution. Following three
washes with PBS, the cells were mounted using Vectashield with 4’,6-
diamidino-2-phenylindole and imaged at 63X using a Zeiss LSM510
confocal microscope.

Assessment of apoptosis by Annexin V staining. Untreated or drug-
treated cells were stained with Annexin V (Pharmingen) and propidium
iodide and the percentage of apoptotic cells were determined by
flow cytometry. To analyze the synergism between MK-0457 and
vorinostat in inducing apoptosis, cells were treated with MK-0457
(20-150 nmol/L) and vorinostat (0.2-1.5 umol/L) at a constant ratio of
1:10 for 48 h. The percentage of apoptotic cells was determined by flow
cytometry, as previously described (21, 22). The combination index
(CI) for each drug combination was obtained by median dose-effect of
Chou and Talalay (30) using the CI equation within the commercially
available software Calcusyn (Biosoft). CI < 1.0 represents the synergism
of the two drugs in combination.

Assessment of percentage of nonviable cells. Following designated
treatments, cells were stained with trypan blue (Sigma). The number
of nonviable cells were determined by counting the cells that showed
trypan blue uptake in a hemocytometer, and was reported as a
percentage of untreated control cells.

Cell lysis and protein quantitation. Untreated or drug-treated cells
were centrifuged and the cell pellets were resuspended in 200 pL of lysis
buffer [20 mmol/L Tris (pH 8), 150 nmol/L sodium chloride 1% Triton
X-100, 1 mmol/L phenylmethylsulfonyl fluoride, 10 pg/mL leupeptin,
1 pg/mL pepstatin-A, 2 pg/mL aprotinin, 20 mmol/L p-nitrophenyl
phosphate, 1.0 mmol/L sodium orthovanadate, and 1 mmol/L 4-(2-
aminoethyl) benzenesulfonylfluoride hydrochloride] and incubated
on ice for 30 min. The cell lysates were centrifuged and an aliquot of
each cell lysate was diluted 1:10 and protein quantitated using a
bicinchoninic acid protein quantitation kit (Pierce), according to the
manufacturer’s protocol.

Immunoprecipitation of hsp90 and immunoblot analyses. Following
the designated treatments, cells were lysed for 30 min on ice, and the
nuclear and cellular debris were cleared by centrifugation. Cell lysates
(500 png) were incubated with a rat monoclonal anti-hsp90 antibody
(StressGen), for 1 h at 4°C. Washed Protein G agarose beads were
added to this solution and incubated overnight at 4°C. The immuno-
precipitates were washed thrice in the lysis buffer and proteins were
eluted with the SDS sample loading buffer prior to the immunoblot
analyses with specific antibodies against acetyl-K69 hsp90, Aurora A, or
total hsp90 levels.

SDS-PAGE and Western blotting. One hundred micrograms of total
cell lysate was used for SDS-PAGE. Western blot analyses of Bcr-Abl,
p-STATS5, pCrkL, p-Aurora A/B, Aurora A, Aurora B, p-survivin, survivin,
p-Ser10 histone H3, histone H3, and Bim were done on total cell lysates
using specific antisera or monoclonal antibodies. The expression level
of either p-actin or a-tubulin was used as the loading control for the
Western blots. Blots were developed with a chemiluminescent substrate
ECL (Amersham Biosciences).
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Statistical analysis. Significant differences between values obtained
in a population of leukemic cells treated with different experimental
conditions were determined using Student’s t test. P < 0.05 values were
considered significant.

Results

MK-0457 treatment induces cell cycle arrest, multipolar spindle
formation, as well as attenuates Aurora kinase activity and
induces apoptosis and endoreduplication in cultured CML-BC and
AML cell lines. We first determined the effects of MK-0457
treatment on the cell cycle status of the cultured CML-BC K562
and the AML HL-60 and OCI-AML3 cells. Table 1 shows that
exposure to increasing concentrations of MK-0457 caused a
dose-dependent accumulation of cells in the G,-M phase with
a concomitant decline in the G; and S phases of the cell cycle
in all of the three cell lines examined. Following a 24-hour
exposure to 50 nmol/L of MK-0457, >80% of cells were in the
G,-M phase of the cell cycle in K562 and HL-60 cells. OCI-
AML3 cells were relatively less sensitive to the cell cycle effects
of MK-0457. Although the greatest cell cycle-inhibitory effects
were observed at 24 hours for all three cell lines, treatment with
MK-0457 for 8 hours, but not for shorter exposure intervals,
resulted in an increase in the percentage of cells in G,-M (data
not shown). Immunofluorescent staining of a-tubulin and
y-tubulin in HL-60 and OCI-AML3 cells, followed by confocal
immunofluorescent microscopy, showed that a-tubulin and
y-tubulin localized to the mitotic spindle and the centrosomes,
respectively (Fig. 1A). Exposure to MK-0457 for 24 hours
resulted in the development of aberrant mitosis showing
multiple spindle poles. In HL-60 cells, this was seen after
exposure to MK-0457 levels as low as 20 nmol/L, whereas
concentrations of >50 nmol/L were required to induce
multipolar spindles in OCI-AML3 (Fig. 1A) and K562 (data
not shown) cells. Also, exposure to MK-0457 dose-dependently
decreased the staining of OCI-AML3 cell with a monoclonal

Table 1. MK-0457 treatment induces G,-M arrest
in leukemia cells
Cells and treatment Cells (%)
Go-G; S G>-M
K562
Untreated 26.8+ 0.6 585+29 14.7+23
20 nmol/L MK-0457 31.6 + 1.9 0.5+0.2 679+1.8
50 nmol/L MK-0457 12.7 + 3.3 1.5+04 85.8=+29
100 nmol/L MK-0457 34+ 1.5 1.9+0.9 94.7+2.5
HL-60
Untreated 41.7 +1.2 443 +0.5 14.0+ 0.8
20 nmol/L MK-0457 36.3+0.8 23.6+04 40.1+0.8
50 nmol/L MK-0457 23+0.5 17.2+0.9 80.4+0.5
100 nmol/L MK-0457 26+03 185+1.1 78.8+0.9
OCI-AML3
Untreated 61.6 £+ 0.7 30.6 + 0.5 7.7 £ 0.3
20 nmol/L MK-0457 61.5+0.7 21.8+0.3 16.7+0.4
50 nmol/L MK-0457 37.5+09 17.6 +0.8 44.9+0.8
100 nmol/L MK-0457 19.9+ 0.6 16.3+2.5 63.7+£0.3
NOTE: K562, HL-60, and OCI-AML3 cells were treated with the
indicated doses of MK-0457 for 24 h. Then, the cells were fixed and
stained for cell cycle analysis by flow cytometry. Values represent
the mean of three experiments + SE.
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Fig.1. MK-0457 treatment induces multipolar spindle formation and endoreduplication in acute leukemia cells. A, HL-60 and OCI-AML3 cells were treated with the indicated

doses of MK-0457 for 24 h. Following this, cells were fixed with paraformaldehyde
imaged at 63 % by confocal microscopy. B, OCI-AML3 (/eft) and K562 (right) cells
analysis was done on total cell lysates or extracted histones for p-Aurora A/B, Auro

and stained with anti —a-tubulin, anti —y-tubulin, or anti — MPM-2 antibodies and
were treated with the indicated doses of MK-457 for 24 h. Following this, immunoblot
ra A, Aurora B, p-survivin, survivin, and p-Ser10 histone. The levels of p-actin or total

histone H3 in the cell lysates served as the loading control. C, K562, HL-60, and OCI-AML3 cells were treated with the indicated doses of MK-0457 for 48 h. Following
treatment, the percentages of AnnexinV — stained apoptotic cells were determined by flow cytometry. Columns, mean of three experiments; bars, SE. D, K562 and OCI-AML3
cells were treated with 100 nmol/L of MK-0457 for the indicated times. Then, the cells were fixed and stained with propidium iodide and DNA content was determined by

flow cytometry.

MPM-2 antibody (which stains mitotic phosphoproteins), as
shown by immunofluorescent microscopy (Fig. 1A). K562 and
HL-60 cells do not contain increased copy numbers (gene
amplification) of the Aurora A gene, as determined by
fluorescence in situ hybridization, using a probe containing
the entire Aurora A gene and an additional 71-kb of the
downstream sequence of the long arm of chromosome 20 (data
not shown). We next determined the inhibitory effects of
MK-0457 on Aurora kinase and MK-0457 -induced apoptosis
in the cultured acute leukemia OCI-AML3, HL-60, and K562
cells. Figure 1B shows that exposure of OCI-AML3 cells to
MK-0457 (20 or 100 nmol/L) depleted the kinase activity of
Aurora A and Aurora B, as measured by the decrease in levels of
autophosphorylated Aurora A and Aurora B, without affecting
the levels of Aurora A and Aurora B. Exposure to 100 nmol/L
of MK-0457 was also accompanied by decreased levels of the
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phosphorylated serine 10 on histone H3 (Fig. 1B). Treatment
with MK-0457 exerted similar effects in K562 cells (Fig. 1B).
MK-0457 also depleted the levels of threonine 34 —phosphor-
ylated survivin in OCI-AML3 and K562 cells (see below),
without affecting survivin levels (Fig. 1B). Exposure to 20 to
250 nmol/L of MK-0457 dose-dependently induced apoptosis
of K562, HL-60, and OCI-AML3 cells (Fig. 1C). Following
exposure to 100 nmol/L of MK-0457, >75% of K562 and OCI-
AMLS3 cells were apoptotic, whereas apoptosis of 55% of HL-60
cells was observed (Fig. 1C). We next determined whether
MK-0457 induced endoreduplication of DNA in the leukemia
cells. Treatment of K562 and OCI-AML3 cells with 100 nmol/L
of MK-0457 for 48 hours led to an increase in the percentage
of cells with 8N DNA content (Fig. 1D). Endoreduplication was
most evident in OCI-AML3 cells, with nearly 30% of cells
possessing greater than 4N DNA content compared with 9.0%
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in K562 cells. After 72 hours of exposure, the percentage of cells
with 8N DNA content decreased in both OCI-AML3 and K562
cells (Fig. 1D). This was due to the increase in the percentage
of cells with <2N DNA (sub-G;) content to 17.6% and 41.5%,
respectively. Taken together with the observed decrease in
MPM-2 staining and increased endoreduplication, this sug-
gested “mitotic slippage” and increased apoptosis.

Vorinostat depletes Aurora A kinase levels and enhances
MK-0457-mediated apoptosis in AML and CML-BC cells. In
previous reports, we showed that treatment with vorinostat
induces the levels of the prodeath proteins and depletes
prosurvival proteins, which is associated with growth arrest
and apoptosis of acute leukemia cells (23, 25). We have also
previously shown that HDAC inhibitors disrupt the chaperone
association of hsp90 with its client proteins (23). We next
determined the effects of vorinostat treatment on the chaperone
association of hsp90 with Aurora A in OCI-AML3 cells.
Treatment with vorinostat for 8 hours resulted in an abrogation
of the binding of Aurora A with hsp90 in hsp90 immunopre-
cipitates, as well as an increase in acetylated hsp90 as
determined by immunoblot analysis following staining with

an acetylated lysine 69-specific hsp90 antibody. We also
observed depletion of the levels of Aurora A in total cell lysates
as well as induction of hsp70 and total cellular levels of
acetylated hsp90 (Fig. 2A). We next determined whether
vorinostat-mediated depletion of Aurora A and Aurora B was
due to their proteasomal degradation. Figure 2B shows that
partial depletion of Aurora A, Aurora B, and c-Raf due to
treatment of OCI-AML3 cells by vorinostat was restored by
cotreatment with the proteasome inhibitor bortezomib. Here,
the levels of c-Raf, which is chaperoned by hsp90, served as the
positive control (21). Similar effects were observed in K562
cells following treatment with vorinostat and bortezomib (data
not shown). These data suggest that vorinostat-mediated
depletion of Aurora A and Aurora B is at least partially due to
the disruption of chaperone association of hsp90 with Aurora A
and B, leading to their degradation by the 26S proteasome. We
next determined the effects of vorinostat and/or MK-0457 on
the levels and activity of Aurora kinases in the cultured acute
leukemia HL-60, OCI-AML3, and K562 cells. Figure 2C shows
that treatment with 1.0 pmol/L of vorinostat alone attenuated
the total Aurora A and B levels in OCI-AML3 and K562 cells.
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Fig. 2. Vorinostat depletes the levels of Aurora A, inhibits its chaperone association with hsp90, induces Bim expression, and combined treatment with MK-0457 exerts
synergistic apoptotic effects in AML cells. A, OCI-AML3 cells were treated with vorinostat for 8 h. Following this, hsp90 was immunoprecipitated from the cell lysates and
immunoblot analysis was done for Aurora A, acetylated K69 hsp90, and total hsp90 levels. Alternatively, immunoblot analysis was done for Aurora A, hsp70, and acetylated
K69 hsp90. The levels of p-actin in the cell lysates served as the loading control. B, OCI-AML3 cells were treated with the indicated doses of bortezomib and/or vorinostat
for 16 h. Immunoblot analysis was done for Aurora A, Aurora B, and c-Raf on the total cell lysates. The levels of -actin in the lysates served as the loading control.
Densitometry was done with ImageQuant version 5.2. C, OCI-AML3 and K562 cells were treated with the indicated doses of MK-0457 and/or vorinostat for 24 h. Western
blot analysis was done for p-Aurora A/B, Aurora A, Aurora B, p-survivin, total survivin, and Bim on the total cell lysates. Additionally, immunoblot analysis was done for
p-Bcr-Abl, Ber-Abl, p-STATS5, and p-Ser10 H3 in K562 cells. The levels of 3-actin in the cell lysates served as the loading control. D, analysis of dose-effect relationship for
MK-0457 (20-150 nmol/L) and vorinostat (0.2-2.0 umol/L) for the apoptotic effects after 48 h of exposure in HL-60, OCI-AML3 (/eft), and K562 (right) cells was done
according to the median dose-effect method of Chou and Talalay. Following this, the Cl values were calculated. Cl <1, Cl =1, and CI > 1 represent synergism, additivity, and
antagonism of the two agents, respectively.
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AnnexinV — positive apoptotic cells was determined by flow cytometry. Columns, mean of three experiments; bars, SE. C, BaF3/Bcr-Abl wild-type, BaF3/Bcr-AblE255K, and
BaF3/Bcr-AbIT315I cells were treated with the indicated concentrations of MK-0457 and/or vorinostat for 24 h. Immunoblot analysis was done for Bcr-Abl, Aurora A, and
survivin. The level of B-actin in the lysates served as the loading control. D, analysis of dose-effect relationship for MK-0457 (50-150 nmol/L) and vorinostat (0.2-1.5 pmol/L)
for the apoptotic effects after 48 h of exposure in BaF3/Bcr-Abl wild-type, BaF3/Bcr-Abl E255K, and BaF3/Bcr-Abl T315I cells was done according to the median
dose-effect method of Chou and Talalay. Following this, the Cl values were calculated for each cell line.

Although vorinostat only slightly depleted the total survivin
levels, it attenuated p-survivin levels. Conversely, treatment
with vorinostat alone increased the levels of the long and short
isoforms of Bim (Bim;, and Bimg) in OCI-AMLS3 cells (Fig. 2C).
Notably, cotreatment with vorinostat (1.0 umol/L) and MK-
0457 (50 nmol/L) caused greater depletion of p-survivin in
OCI-AML3 cells than treatment with either agent alone
(Fig. 2C, left). Combined treatment also induced slightly more
Bim;, and Bimg expressions in OCI-AML3 cells. Vorinostat and/
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or MK-0457 exerted similar effects in HL-60 cells (data not
shown). In K562 cells, combined treatment with vorinostat
(1.0 pmol/L) and MK-0457 (100 nmol/L) caused more
depletion of p-survivin, survivin, and Aurora A levels, whereas
Bim induction was slightly less than what was observed
following treatment with vorinostat alone (Fig. 2C). However,
cotreatment with vorinostat and MK-0457 caused more
depletion of p-STATS5, as well as of Bcr-Abl than treatment
with either agent alone. This was also associated with a
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Fig. 4. Vorinostat enhances MK-0457 — mediated loss of viability of primary AML
and CML cells. Bone marrow samples from four CML, three AML patients, and
two normal CD34+ samples were treated with the indicated concentrations of
MK-0457 and/or vorinostat for 48 h. Following this, the percentages of nonviable
cells for each drug alone or in combination were determined by trypan blue dye
uptake in a hemocytometer. Columns, mean; bars, SE. *, P < 0.05, significantly
greater values than those following treatment with either agent alone at the
indicated concentrations in the CML and AML samples. t, P < 0.05, significantly
lower values in normal CD34+ versus leukemia samples for the drug combinations.

profound attenuation of p-Bcr-Abl and phosphorylated serine
10 on histone H3, p-survivin and Aurora A expression. We next
determined the apoptotic effects of cotreatment with MK-0457
and vorinostat. As compared with treatment with either agent
alone, cotreatment with vorinostat and MK-0457 synergistically
induced apoptosis of OCI-AML3, HL-60, and K562 cells, as
determined by the median dose-effect method described by
Chou and Talalay (Fig. 2D, left and right). For MK-0457 and
vorinostat, the CI values were <1.0 for all the tested doses of the
two drugs.

MK-0457 inhibits activity of Bcr-Abl and induces cell death
in BaF3 cells with overexpression of unmutated or mutant
Bcr-Abl. We next determined the activity of MK-0457 against
murine pro-B BaF3 cells with ectopic overexpression of either
wild-type (unmutated) Bcr-Abl or the point mutants Bcr-Abl
E255K and Bcr-Abl T3151. Treatment with MK-0457 (100-500
nmol/L) dose-dependently increased the percentage of apopto-
tic cells in BaF3 with wild-type or mutant forms of Bcr-Abl
(Fig. 3A). Higher concentrations of MK-0457 induced signifi-
cantly more apoptosis of the BaF3/Bcr-AbIT3151 and BaF3/
Bcr-AblE255K versus BaF3/Bcr-Abl cells (Fig. 3A), whereas the
control BaF3/Neo cells were the least sensitive to MK-0457
(P < 0.01; Fig. 3A). These data also show that MK-0457 is
highly active against Bcr-AblT3151-expressing cells, which are
otherwise quite resistant to imatinib, dasatinib, and nilotinib
(21, 24, 25). Less activity against BaF3/Neo cells also suggests
that the ectopic expression of the wild-type or mutant forms of
Bcr-Abl makes BaF3 cells more sensitive to MK-0457, and that
most of the lethal effects of MK-0457 are dependent on its

Clin Cancer Res 2008;14(19) October 1, 2008

6112

anti - Bcr-Abl activity in Bcr-Abl - expressing BaF3 cells. Cotreat-
ment with vorinostat (1.0 pmol/L) and MK-0457 (100 nmol/L)
also induced significantly more loss of cell viability in BaF3
cells with wild-type or mutant forms of Bcr-Abl, as compared
with treatment with either agent alone (P < 0.01; Fig. 3B). This
was associated with considerable depletion of Bcr-Abl, Aurora
A, and survivin levels in BaF3 cells expressing either the wild-
type or mutant forms of Bcr-Abl, following cotreatment with
vorinostat and MK-0457 (Fig. 3C). Importantly, the median
dose-effect method showed that combined treatment with
vorinostat (0.5-2 pmol/L) and MK-0457 (50-200 nmol/L)
exerted synergistic apoptotic effects against BaF3/Bcr-AblT315],
Bcr-AblE255K, and BaF3/Bcr-Abl cells (Fig. 3D). For MK-0457
and vorinostat, the CI values were <1.0 for all of the tested
doses of the two drugs.

Cotreatment with MK-0457 and vorinostat inhibits Aurora
kinase activity and exerts superior antileukemia activity against
primary CML and AML cells. We next determined the
antileukemia effects of MK-0457 and/or vorinostat against
four imatinib-refractory primary CML cells, three AML blast
samples, as well as against normal human CD34+ progenitor
cells. For the CML samples, the mechanism underlying
imatinib refractoriness was unknown. Figure 4 shows that
treatment with MK-0457 (100-500 nmol/L) or 1.0 umol/L of
vorinostat induced loss of cell viability of the primary CML
and AML cells to a variable extent. However, as compared
with treatment with either agent alone, cotreatment with MK-
0457 and vorinostat induced more loss of cell viability in each
of the CML and AML samples tested. When mean values for
the loss of cell viability in CML and AML samples were
considered, the combination of 500 nmol/L of MK-0457 and
vorinostat (1.0 umol/L) induced more loss of cell viability
than either agent alone (Fig. 4). Notably, normal CD34+
progenitor cells were, in general, less susceptible to the toxic
effect of MK-0457 than AML or CML cells (Fig. 4).
Additionally, cotreatment with MK-0457 (100-500 nmol/L)
and vorinostat (1.0 pmol/L) induced more loss of cell viability
in CML or AML versus normal CD34+ progenitor cells. One
AML and one CML sample yielded a sufficient number of cells
to allow for immunoblot analysis of Aurora kinase activity
and levels. Similar to the cultured OCI-AML3 and K562 cells,
treatment with MK-0457 alone inhibited p-Aurora A, p-Aurora
B, and p-survivin levels in the primary AML and CML cells
(Fig. 5A). In the primary CML cells, MK-0457 also induced
Bimg; levels in a dose-dependent manner. In primary CML
and AML cells, cotreatment with MK-0457 (50 nmol/L) and
vorinostat (1.0 pmol/L) attenuated p-Aurora A, p-Aurora B,
and p-survivin levels, as well as induced Bimg; to a greater
extent than treatment with either agent alone (Fig. 5B-C). As
was observed in K562 cells, in primary CML cells, cotreatment
with MK-0457 (100 nmol/L) and vorinostat (1.0 pmol/L) also
caused greater depletion of Bcr-Abl, p-STATS5, and p-CrkL than
treatment with either agent alone (Fig. 5D). These findings are
consistent with the greater loss of cell viability observed in
primary AML and CML cells, following cotreatment with
vorinostat and MK-0457 (Fig. 4).

Discussion

Although individually, both vorinostat and MK-0457 have
been reported to induce in vitro growth arrest and apoptosis of
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human AML cells (13, 18), in the present studies, we show for
the first time that combined treatment with vorinostat and
MK-0457 synergistically induces apoptosis of AML cell lines.
Previously, we had also described the synergistic activity of the
combinations of HA-HDI with the Bcr-Abl kinase inhibitors
imatinib, nilotinib, and dasatinib against cultured CML cell
lines with wild-type Bcr-Abl (21, 24, 25). Although nilotinib
and dasatinib inhibit the most commonly observed Bcr-Abl
mutants, they are ineffective against Bcr-AbIT3151, which has
been referred to as the “gatekeeper” threonine at residue 315 in
the Abl kinase domain (31). Recently, MK-0457 was shown to
have clinical activity against CML cells with the Bcr-AblT3151
mutation (17). In the present studies, we have confirmed that
clinically achievable concentrations of MK-0457 not only

inhibit Aurora A and B activities but also attenuate the activity
of wild-type and mutant forms of Bcr-Abl, including Bcr-
AbIT3151. This was associated with the apoptosis of cells
expressing wild-type or mutant Bcr-Abl. However, importantly,
our present studies show for the first time that cotreatment with
MK-0457 and vorinostat synergistically induces apoptosis of
CML cell lines or BaF3 cells with wild-type or the mutant Bcr-
ADbIE255K and Bcr-AbIT3151.

The expression and activity of Aurora A and B are regulated
in a cell cycle-dependent manner, with up-regulation in the
G,-M phase and rapid down-regulation after mitosis (1-3).
Although not amplified, expression of Aurora A and B was
easily detectable in cultured and primary AML and CML cells.
Treatment with MK-0457 inhibited p-Aurora A and p-Aurora B
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Fig. 5. The effect of MK-0457 and/or vorinostat on primary AML and CML cells. A, primary AML and CML cells were treated with the indicated concentrations of MK-0457
for 24 h. After this, Western blot analysis was done for p-Aurora A/B and p-survivin. The levels of p-actin in the total cell lysates served as the loading control. B and C, primary
AML and CML cells were treated with the indicated concentrations of MK-0457 and/or vorinostat for 24 h. Following this, immunoblot analysis was done for p-Aurora A,
Aurora A, p-survivin, and survivin. The levels of -actin in the cell lysates served as the loading control. D, primary CML cells were treated with the indicated concentrations
of MK-0457 and/or vorinostat for 24 h. Then, immunoblot analysis was done for Ber-Abl, p-STAT5, p-CrkL, and Aurora A. The levels of p-actin in the cell lysates served as the

loading control.
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levels in the acute leukemia cells, suggesting that it inhibits
the autophosphorylation activities of Aurora A and B (9). This
was accompanied by decreased phosphorylation of serine 10
on histone H3 and reduced levels of p-survivin, both
substrates of Aurora B (1, 3, 13). Concomitantly, treatment
with MK-0457 also caused aberrant centrosome duplication,
as well as induced multipolar spindle formation, G,-M phase
accumulation, decreased MPM-2 mitotic phosphoprotein
staining, endoreduplication, and apoptosis of AML and CML
cells (13). MK-0457 has been reported to induce endoredu-
plication in cells with a compromised postmitotic checkpoint,
thereby allowing cells to proceed through S phase without
undergoing cell division and cytokinesis (14). Cells which fail
to divide accumulate greater than 8N DNA content and
ultimately undergo cell death (13, 14). As previously reported,
treatment with vorinostat induced Bim, a proapoptotic protein
induced in leukemia cells by the forkhead family of
transcription factors, which also lowers the threshold for
apoptosis (32). Unlike MK-0457, vorinostat treatment deplet-
ed the protein levels of Aurora A and B in AML and CML cells.
The underlying mechanism may be manifold. First, by
inhibiting HDACG6, vorinostat induced hsp90 acetylation
(Fig. 2A). This has been shown to inhibit the ATP-binding
and chaperone function of hsp90 (23, 25), which in turn
abrogates the chaperone association of hsp90 with its client
proteins including Bcr-Abl, FLT-3, and c-Raf, promoting their
degradation by the 26S proteasome (23, 26). HDAC inhibitors
have recently been reported to deplete the association of
Aurora A with hsp90, thereby promoting its degradation by
the proteasome (28). This is consistent with our findings
demonstrating decreased chaperone association of hsp90 with
Aurora A in hsp90 immunoprecipitates and that cotreatment
with bortezomib partly restores the depletion of Aurora A
caused by vorinostat. Although not shown, HDAC inhibitors
such as vorinostat may in part transcriptionally down-regulate
Aurora A and B. Taken together, these observations may
explain vorinostat-mediated down-regulation of the activity
and levels of Aurora A and B.

Although the precise mechanism(s) underlying the syner-
gistic apoptotic effects of the combination of vorinostat and
MK-0457 against AML cells is not clear, several intracellular
perturbations induced by the combination may explain this
synergy. As compared with either agent alone, cotreatment
with vorinostat plus MK-0457 induced marked inhibition of
p-Aurora A and B, greater depletion of p-survivin and survivin,
and more attenuation of phosphorylated serine 10 on histone
H3 (data not shown) in OCI-AML3 and HL-60 cells. In
contrast, as compared with treatment with vorinostat alone,
cotreatment with MK-0457 and vorinostat caused similar
depletion of Aurora A and B. However, cotreatment with
vorinostat and MK-0457 caused more up-regulation of Bim
isoforms, thus further sensitizing AML cells to the cytotoxicity
of the combination. Collectively, more potent inhibition of
the activities of Aurora kinases and survivin, combined with
greater induction of Bim may be responsible for the superior
anti-AML activity of vorinostat plus MK-0457. Similar to AML
cells, as compared with treatment with vorinostat alone,
cotreatment with MK-0457 and vorinostat also caused more
depletion of p-survivin and phosphorylated serine 10 on
histone H3 in K562 cells, but similar effects on the levels of
Aurora A and Aurora B. However, combination of vorinostat
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and MK-0457 attenuated the activities of both Aurora and
Bcr-Abl kinases, which may explain its synergistic apoptotic
effects in K562 cells. In phase I/II clinical trials, MK-0457
showed significant clinical activity in patients with imatinib
mesylate - resistant CML producing clinical responses in three
patients (17). The T315I mutation in Bcr-Abl mediates clinical
resistance to the current targeted therapeutic agents, imatinib,
nilotinib, and dasatinib (31). The activity of MK-0457 against
Ber-Abl mutants in which other tyrosine kinases fail, particu-
larly against Bcr-AbIT3151, may be due to the manner in which
MK-0457 binds to the Abl kinase domain. Crystal structures of
MK-0457 with the Bcr-Abl kinase domain show that MK-0457
does not bind deeply to the Abl kinase domain and unlike
imatinib, nilotinib, and dasatinib, this binding is not disrupted
by the steric hindrance of a threonine to isoleucine substitution
at residue 315 (15, 31). This attribute of MK-0457 allows it to
associate with an active conformation of Bcr-Abl and inhibit
the kinase activity of mutant Bcr-Abl in imatinib mesylate -
resistant CML cells. In preclinical models, vorinostat has also
been shown to deplete the levels of mutant forms of Bcr-Abl
and exerts enhanced cytotoxic effects of dasatinib against
mutant Bcr-AblE255K and Bcr-Abl T315I-containing cells
(25). Therefore, consistent with these findings, our present
results show that cotreatment with vorinostat and MK-0457
more effectively depletes Bcr-AblE255K and Bcr-AblT3151 levels
and exerts synergistic apoptotic effects against imatinib-resistant
mutant Bcr-AblE255K and Bcr-Abl T3151 - expressing cells.

Our findings also show the superior activity of MK-0457 plus
vorinostat, as compared with treatment with either agent alone,
against primary AML and imatinib-refractory CML cells.
However, the effects were variable and less than additive.
However, the antileukemia effects of the combination were
associated with more inhibition of the activities of Aurora
kinases and greater induction of Bim in AML cells. In CML cells,
in addition to its inhibitory effects on Aurora kinases, the
combination produced greater depletion of Bcr-Abl and its
phosphorylated substrates p-STAT5, as well as more induction
of Bim. Taken together, these findings are consistent with more
lethal effects of the combination against primary AML and
CML cells. Recent studies have highlighted that cytokinetically
quiescent CML stem cells may escape the lethal effect of Bcr-Abl
kinase inhibitors because they also harbor refractory Bcr-Abl
mutations or possess membrane transporters of which the
Bcr-Abl kinase inhibitor may be a substrate (33-35). A recent
report has highlighted that hsp90 inhibitors may also have
activity against Bcr-Abl expressing CML stem cells (36). Because
pan-HDAC inhibitors such as vorinostat also inhibit hsp90
function, in combination with MK-0457, they may also exert
cytotoxic effects against CML stem cells. Our findings also show
that the combination is relatively less toxic against normal
CD34+ human bone marrow progenitor cells. Taken together
with previous reports, our preclinical findings presented here
create a strong rationale for in vivo testing of the combined
treatment with vorinostat and MK-0457 for AML and for CML
resistant to Bcr-Abl kinase inhibitors.
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Panobinostat treatment depletes EZH2 and DNMTT1 levels and
enhances decitabine mediated de-repression of JunB and loss of
survival of human acute leukemia cells
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The PRC2 complex protein EZH2 is a histone methyl-
transferase that is known to bind and recruit DNMT1 to the
DNA to modulate DNA methylation. Here, we determined
that the pan-HDAC inhibitor panobinostat (LBH589) treat-
ment depletes DNMT1 and EZH?2 protein levels, disrupts the
interaction of DNMT1 with EZH2, as well as de-represses JunB
in human acute leukemia cells. Similar to treatment with the
hsp90 inhibitor 17-DMAG, treatment with panobinostat also
inhibited the chaperone association of heat shock protein 90 with
DNMT1 and EZH2, which promoted the proteasomal degrada-
tion of DNMT1 and EZH2. Unlike treatment with the DNA
methyltransferase inhibitor decitabine, which demethylates JunB
promoter DNA, panobinostat treatment mediated chromatin
alterations in the JunB promoter. Combined treatment with
panobinostat and decitabine caused greater attenuation of
DNMT1 and EZH2 levels than either agent alone, which was
accompanied by more JunB de-repression and loss of clonogenic
survival of K562 cells. Co-treatment with panobinostat and
decitabine also caused more loss of viability of primary AML but
not normal CD34* bone marrow progenitor cells. Collectively,
these findings indicate that co-treatment with panobinostat and
decitabine targets multiple epigenetic mechanisms to de-repress
JunB and exerts antileukemia activity against human acute
myeloid leukemia cells.

Introduction

Gene silencing and loss of gene function mediated through
epigenetic mechanisms collaborates with genetic mutations and
alterations leading to cancer.!” As multiprotein complexes,
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Polycomb group proteins epigenetically silence gene expression,
including tumor suppressor genes (TSGs).!”> EZH2 is the catalytic
subunit of the polycomb repressive complex 2 (PRC2), which also
includes SUZ12, EED and YY1.1-3 EZH2 acts as a histone lysine
methyltransferase (HKMT), which mediates methylation of lysine
(K) 27 on the N-terminal tail of histone H3 to silence expression
of PRC2 target genes involved in lineage differentiation.3> EZH2
has also been recognized as a senescence preventing gene in embry-
onic fibroblasts, as well as shown to be abundantly expressed in
purified hematopoietic stem cell (HSCs), where it preserves HSC
potential and prevents exhaustion.® EZH2 regulates cell prolifera-
tion by promoting S phase entry and G,-M transition, and it is
highly expressed in tumor versus normal tissue.”-8 EZH2 mediated
cell cycle progression promoted by gene repression also involves
histone deacetylation by HDACI, with which EZH2 interacts
through its PRC2 binding partner EED.? EZH2 is overexpressed
in a variety of malignancies, including prostate, breast and bladder
cancers with poor prognosis.!%1? Knockdown of EZH2 by siRNA
has been demonstrated to inhibit breast cancer cell proliferation,
while pharmacologic inhibition of EZH2 resulted in apoptosis of
breast cancer but not normal cells.!%!3 Recently, EZH2 was shown
to directly interact with and regulate the activity of the DNA meth-
yltransferases DNMT1, DNMT3a and DNMT3b.!4!> DNMTs
function to transfer a methyl group from S-adenosyl-methionine
to the 5' position of cytosine in the CpG dinucleotides in the
promoters of genes, thereby maintaining a consistent pattern of
epigenetic gene silencing of TSGs in cancer cells.’®! The heritable
pattern of cytosine methylation is maintained during DNA repli-
cation by DNMT1, which has a preference for hemi-methylated
DNA and is regarded as the primary maintenance DNMT.!7-1
DNA methylation by DNMTs also recruits HDAC activity to the
promoters of silenced genes.?%2! Similar to the PRC2 complex,
DNMTI1 has a direct interaction with histone deacetylases
HDACI1 and HDAC2.2%?3 In acute myeloid leukemia (AML)
and chronic myeloid leukemia (CML), all three DNMTs are
overexpressed and may play a significant role in the pathogenesis
of leukemia due to aberrant hypermethylation of TSGs or DNA
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repair related genes.?42> Treatment with the antisense oligonucle-
otides against DNMT1 was demonstrated to cause cell cycle arrest
in the S-phase of the cell cycle and inhibited DNA replication with
loss of DNMTT at the replication fork.?®?” Although genes meth-
ylated in cancer cells are packaged with nucleosomes containing
the trimethylated K27 on the H3 mark, gene silenced in cancer
by H3K27 trimethylation has been shown to be independent of
promoter DNA methylation.!”-?® Consistent with this, DNA
methylation and transcriptional silencing of cancer genes has been
shown to persist despite the depletion of EZH2.%

In myeloid leukemia, overexpression of DNMT1 has been
associated with promoter hypermethylation of a number of genes,
including JunB.30-33 In AML, promoter hypermethylation of E
cadherin, ERo and p15 have also been reported.* Inactivation of
JunB expression in stem cells leads to myeloproliferative disorders,
and JunB overexpression and amplification has been associated
with failure of differentiation.?>3> JunB deficient hematopoietic
stem cells show concomitant downregulation of p16™NK4 and
upregulation of Bcl-2 and Bcl-x; . Indeed, JunB methylation and
impaired expression was observed in blast crisis of CML.3! The
DNMTT inhibitor decitabine inhibits hypermethylation of the
promoter DNA of tumor suppressor genes and decreased global
methylation, which supports the rationale for the use of decitabine
as a therapeutic agent in the treatment of hematologic malignan-
cies.3037 Further, co-treatment with a DNMT1 and HDAC
inhibitor has been shown to synergistically hypomethylate the
promoters of TSGs and significantly inhibit tumor growth.3%3
Previously, while the pan-HDAC inhibitor trichostatin A (TSA)
was shown to downregulate both the mRNA and protein levels of
DNMTT1 in tumor cells, treatment with panobinostat (LBH589)
was shown to release DNMT1 and HDACI from the ERa gene
promoter, suggesting an association between DNMT1 and the
HDAGs.4041 In a previous report, we had demonstrated that
panobinostat treatment inhibits HDAC6 and induces hyper-
acetylation of the molecular chaperones heat shock protein (hsp)
90, associated with depletion of EZH2 and other PRC2 compo-
nents.*244 This occurred with the concomitant depletion of the
transcription factors HOXA9 and MEIS 1 levels, resulting in loss
of clonogenic survival of human leukemia cells.** Based on these
observations we determined the effects of panobinostat on the
interaction between the EZH2 and PRC2 complex with DNMTT,
as well as on the levels and chaperone association of DNMTT1 and
EZH2 with hsp 90. Here, we report that treatment with panobin-
ostat or a geldanamycin analogue hsp90 inhibitor (17-DMAG)
attenuated the levels of DNMT1 with EZH2 by inhibiting their
chaperone association with hsp90 in acute leukemia cells.*> We
further determined that, as compared to treatment with either
agent alone, combined treatment with decitabine (DAC) and
panobinostat resulted in greater depletion of DNMTT levels, more
derepression of JunB, and induced greater loss of cell viability and
clonogenic survival of cultured and primary acute leukemia cells.

Results

Panobinostat treatment disrupts the association of DNMT1
and EZH2 with hsp90, leading to proteasomal degradation of
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DNMT1 and EZH2. In a previous report we had shown that
panobinostat depletes the levels and activity of EZH2.44 Based
on this, and on the reports that EZH2 directly interacts with and
regulates the activity of the DNMTI, we first determined the
effects of panobinostat treatment on DNMTT levels, as well as on
the binding of EZH2 to DNMT1. Treatment with panobinostat
dose-dependently reduced the protein levels of DNMT1 and
EZH2 in the CML blast crisis (CML-BC) K562 and LAMA-84
cells (Fig. 1A).1# This was accompanied by panobinostat-mediated
decrease in the mRNA levels of DNMT1 in a time and dose
dependent manner in K562 cells (Fig. 1B). Similar effects were
seen in LAMA84 cells (Suppl. Fig. 1A). In contrast, panobin-
ostat treatment did not lower EZH2 mRNA levels (Suppl. Fig.
1B and C). We have previously demonstrated that, by inducing
hyperacetylation of hsp90, pan-HDAC inhibitors can inhibit
the chaperone function and association of hsp90 with its client
proteins.*>43 Based on this, we next determined the effects of
panobinostat treatment on the interaction of DNMT1 and EZH2,
and whether panobinostat-mediated depletion of DNMT1 and
EZH?2 was due to inhibition of their chaperone association with
hsp90. Figure 1C shows that exposure to panobinostat disrupted
the binding of DNMT1 to EZH2, as well as decreased the binding
of hsp90 to both EZH2 and DNMT1. Similar findings were
observed in LAMA84 cells (Suppl. Fig. 1D). Exposure intervals
as short as 2 to 4 hours to panobinostat reduced the binding of
hsp90 to EZH2 and DNMTT1 (Suppl. Fig. 1E). This was associ-
ated with increased accumulation of both DNMT1 and EZH2 in
the detergent (NP40) insoluble fraction of the cytosol, suggesting
increase in the levels of misfolded DNMT1 and EZH2 following
treatment with panobinostat (Fig. 1D). Additionally, co-treatment
with the proteasome inhibitor bortezomib significantly increased
the levels of DNMT1 and EZH2 in the detergent insoluble frac-
tion, as well as restored the levels in the total cell lysates (Fig. 1D).
Co-treatment with bortezomib did not alter or rescue the levels
of AKT or Bcl-x; in panobinostat treated cells (Fig. 1D). Similar
findings were observed in panobinostat-treated LAMA84 leukemia
cells (Suppl. Fig. 2A). Panobinostat-mediated decline in EZH2
levels was not due to the activity of caspases, since co-treatment
with the caspase inhibitor ZVAD did not restore the levels of
EZH2 (Suppl. Fig. 2B). Panobinostat treatment also depleted
DNMT1 and EZH2 levels in primary AML cells, which were
also restored by co-treatment with bortezomib (Fig. 1E). In these
studies, the levels of the hsp90 client protein c-Raf served as the
control protein that is a well recognized hsp90 client protein.4>43

Co-treatment with panobinostat enhances 17-DMAG medi-
ated depletion of DNMT1 and EZH2 in acute leukemia cells.
First, to confirm that DNMT1 and EZH2 are hsp90 client
proteins, we determined the effects of the geldanamycin analogue
hsp90 inhibitor 17-DMAG on the expression of DNMTT in the
K562 cells. Treatment with 17-DMAG depleted DNMT1 protein
levels, while it concomitantly induced hsp70 levels (Fig. 2A).>
Similar findings were noted, following treatment of primary
leukemia cells with 17-DMAG (Fig. 2B). We next determined the
effects of 17-DMAG treatment on the binding of DNMT1 and
EZH2 to hsp90. Similar to the results with LBH589, exposure to
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Figure 1. Panobinostat depletes DNMT1 and disrupts its binding to EZH2 and hsp90. (A) Western blot of DNMT1 and EZH2 in K562 and LAMA84 fol-
lowing 24 hours treatment with the indicated doses of panobinostat (PS). The levels of f-actin served as the loading control. (B) K562 cells were treated
with the indicated concentrations of panobinostat for 16 hours. Alternatively, cells were treated with 100 nmol/L of panobinostat for the indicated times.
Total RNA was isolated and gPCR was performed for DNMT1. The relative quantity (RQ) of DNMT1 mRNA expression was normalized against expres-
sion of GAPDH. (C) K562 cells were treated with the indicated doses of panobinostat for 8 hours and DNMT1 (left), EZH2 (right) and hsp90 (bottom)
were immunoprecipitated from the cell lysates. The immunoprecipitates were immunoblotted for hsp90, EZH2 and DNMT1. (D) K562 cells were treated
with 100 nmol/L of panobinostat and/or 100 nmol/L of bortezomib (BZ) for 8 hours. Following treatment, total cell lysates or NP-40 detergent insoluble
fractions were immunoblotted for DNMT1, EZH2 and c-Raf, AKT and Bclx,. The levels of B-actin served as the loading control. (E) Primary AML cells
were treated with 100 nmol/L of panobinostat and/or 100 nmol/L of bortezomib for 8 hours. Following treatment, total cell lysates were immunoblotted
for DNMT1, EZH2 and c-Raf. The levels of p-actin in the lysates served as the loading control.

17-DMAG reduced the binding of DNMT1 and EZH2 to hsp90
(Fig. 2A), increased the binding to hsp70, as well as attenuated the
binding of DNMT1 with EZH2 (Fig. 2C). Additionally, co-treat-
ment with bortezomib restored 17-DMAG induced depletion of
DNMT1 and EZH2 (data not shown). We next determined the
combined effects of panobinostat and 17-DMAG on the levels of
DNMT1 and EZH2. Notably, co-treatment with panobinostat
significantly increased 17-DMAG mediated depletion of DNMT1
and EZH2 in K562 cells (Fig. 2D).

Panobinostat treatment induces JunB and enhances decit-
abine (DAC)-mediated induction of JunB. We next determined
the effect of panobinostat on the mRNA expression JunB, a gene

3 Cancer Biology & Therapy

that is known to be silenced by promoter hypermethylation in
CML cells.?!32 Treatment with panobinostat dose-dependently
upregulated the mRNA levels of JunB, with 2.67 fold increase seen
following treatment with 100 nmol/L of panobinostat (Fig. 3A).
JunB mRNA induction was observed following exposure interval
to panobinostat as short as two hours (Fig. 3B). As noted above for
panobinostat, treatment with decitabine (DAC) dose-dependently
attenuated DNMTT1 protein levels and upregulated JunB mRNA
and protein levels (Fig. 3C and D). However, exposure to DAC
did not lower the levels of EZH2 (Fig. 3C). We next deter-
mined the effect of co-treatment with panobinostat and DAC on
EZH2, DNMT1 and JunB levels. Figure 4A demonstrates that as
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Figure 2. 17-DMAG depletes the levels of DNMT1 and EZH2 by inhibiting their chaperone association hsp?0 in acute leukemia cells. (A) K562 cells
were treated with the indicated does of 17-DMAG for 8 hours and hsp90 was immunoprecipitated. Immunoblot analysis was performed for DNMTT,
EZH2 and hsp90 on the immunoprecipitates. Alternatively, K562 cells were treated with the indicated concentrations of 17-DMAG for 24 hours and
immunoblot analysis was done for DNMT1, EZH2 and hsp70. The expression levels of B-actin in the lysates served as the loading control. (B) Primary
acute leukemia cells were treated with the indicated concentrations of 17-DMAG for 24 hours. Total cell lysates were harvested and immunoblot analysis
was performed for DNMT1, EZH2 hsp90 and hsp70. The levels of B-actin in the lysates served as the loading control. (C) K562 cells were treated with
the indicated doses of 17-DMAG for 8 hours and DNMT1 (top) and EZH2 (bottom) were immunoprecipitated. Inmunoblot analysis was performed for
EZH2 and DNMT1 in the immunoprecipitates. (D) K562 cells were treated with the indicated concentrations of panobinostat and 17-DMAG for 24 hours.
Immunoblot analysis was performed for DNMT1, EZH2 and hsp70. The expression levels of a-tubulin in the lysates served as the loading control.

compared to treatment with either agent alone, co-treatment with
DAC and panobinostat caused greater attenuation of the levels of
DNMT1 and EZH2 levels, while concomitantly inducing more
JunB levels. Combined treatment with DAC and panobinostat
also had a similar effect on EZH2, DNMT1 and JunB levels in
primary AML blasts (Fig. 4B). Consistent with previous reports,
sequential treatment with DAC followed by panobinostat induced
more JunB mRNA and protein levels than treatment with the
reverse schedule of administration of panobinostat followed by
decitabine (Fig. 4C).

Decitabine and panobinostat induce JunB expression through
different mechanisms. We next determined the mechanism by
which DAC and panobinostat de-repress JunB in K562 cells.
As shown in Figure 5A, treatment with as little as 0.5 umol/L
DAC for 16 hours caused demethylation of the JunB promoter
as demonstrated by methylation specific PCR performed on
bisulfite-treated DNA. DAC also demethylated the promoter of
the E-cadherin and ERa genes, which are known to be silenced by
methylation in hematologic malignancies (Fig. 5A).41 In contrast,
although it de-repressed JunB similar to DAC, panobinostat treat-
ment did not alter the methylation status of JunB in K562 cells
(Fig. 5B). Panobinostat also did not affect the methylation status of
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ERa (Fig. 5B) and E-cadherin (not shown). We next determined
whether the panobinostat mediated derepression of JunB was due
to chromatin alterations in the JunB promoter. Figure 5C shows a
schematic representation of four regions in the CpG island of the
JunB promoter. To perform ChIP analyses involving these regions
in the JunB promoter, primers sets were tiled: four across the
CpG island and one pair 2 kb upstream of the transcription start
site (TSS) in another 80% GC rich region. As demonstrated in
Figure 5D, ChIP analyses of untreated K562 cells confirmed that
EZH2, DNMTT1 and Suv39H1 were bound to the JunB promoter
in region 3 (-378 to -218 relative to TSS) and DNMTT1 and the
histone methyltransferase Suv39H1 were bound to region 5 (-174
to +9 relative to TSS) nearest the transcriptional start site. EZH2
did not bind to region 5 of the JunB promoter. The repressive
histone marks, tri-methlyated lysine 27 and tri-methylated lysine
9 were present in the untreated chromatin of region 3, corre-
sponding to the localization of EZH2 and Suv39H1 (Fig. 5D).
In contrast, only the tri-methylated lysine 9 mark was detected
in region 5 corresponding to the localization of Suv39HI1 to this
region (Fig. 5D). Treatment with panobinostat dose-dependently
depleted EZH2 and the tri-methlyated lysine 27 mark from
region 3, and DNMT1 and Suv39H1 from region 5 of the JunB
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Figure 3. Panobinostat induces JunB mRNA in a dose and time dependent manner. (A) K562 cells were treated with the indicated concentrations of
panobinostat for 16 hours. Total RNA was isolated and RT-PCR was performed for JunB mRNA expression. A B-actin specific PCR reaction and expres-
sion levels served as the loading control. (B) K562 cells were treated with 100 nmol/L of panobinostat for the indicated times. Following this, RT-PCR
analysis was performed for JunB mRNA expression. A B-actin specific PCR reaction and expression levels served as the loading control. (C) K562 cells
were freated with the indicated concentrations of decitabine (DAC) for 24 hours. Following this, total cell lysates were harvested and immunoblot analy-
sis was performed for DNMT1, EZH2 and JunB. The levels of -actin in the lysates served as the loading control. (D) K562 cells were treated with the
indicated concentrations of decitabine (DAC) for 16 hours. Following this, total RNA were isolated and RT-PCR analysis was performed for JunB mRNA
expression. A B-actin specific PCR reaction and expression served as the loading control.

promoter (Fig. 5D). Panobinostat-mediated depletion of the
trimethylated lysine 9 and lysine 27 marks were also accompanied
by increase in acetylation of histone H3 associated with the JunB
promoter (Fig. 5D). These findings clearly show that panobinostat
mediated de-repression of JunB is accompanied by depletion of the
repressive chromatin marks but not by demethylation of the CpG
dinucleotides in the promoter DNA of JunB.

Co-treatment with decitabine enhances panobinostat and
17-DMAG-mediated anti-leukemia activity in cultured and
primary leukemia cells. We next determined the effects of DAC
alone and in combination with panobinostat or 17-DMAG on the
clonogenic survival of leukemia cells. Treatment with DAC alone
for 48 hours only modestly decreased the colony growth of K562
cells (Fig. 6A). Treatment with panobinostat alone caused more
inhibition of colony growth than DAC, whereas co-treatment
with DAC and panobinostat mediated significantly greater loss
of clonogenic survival than either agent alone (p = 0.04 and p
= 0.007, respectively) (Fig. 6A). The combined treatment also
induced more apoptosis of K562 cells (data not shown). Treatment
with 17-DMAG alone dose dependently inhibited colony growth
of K562 cells (Fig. 6B). Co-treatment with DAC and 17-DMAG
also induced greater loss of clonogenic survival of K562 cells than
treatment with either agent alone (p = 0.04) (Fig. 6C). Additionally,
co-treatment with panobinostat and 17-DMAG significantly inhib-
ited more colony growth of K562 cells than either agent alone (p =
0.0001) (Fig. 6D). We next determined the anti-leukemia activity
of DAC and/or panobinostat and/or 17-DMAG against primary
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AML cells from 8 patients and primary CML-BC cells from 4
patients. Figure 7 demonstrates that treatment with clinically
achievable concentrations of panobinostat >17-DMAG >DAC
mediated significant loss of viability in all samples tested. Notably,
co-treatment with DAC significantly enhanced panobinostat or
17-DMAG-mediated loss of viability in the primary AML and
CML cells (p = 0.008 and p = 0.0002; p = 0.04 for panobinostat
and DAC in CML). Co-treatment with DAC and panobinostat
or 17-DMAG caused significantly lower loss of viability of normal
bone marrow progenitor cells (Fig. 7).

Discussion

Findings presented here demonstrate for the first time that both
DNMT1 and EZH2 are hsp90 client proteins, and that treatment
with pan-HDAC inhibitor panobinostat and the hsp90 inhibitor
17-DMAG disrupt the chaperone association between hsp90 and
DNMT1 and EZH2, promoting their misfolding and deple-
tion by the proteasome. Parenthetically, panobinostat-induced
activities of caspases were not involved in degrading DNMT]1
and EZH2. Although hsp90 is predominantly cytosolic, DNMT'1
and EZH2 should now be included in the growing list of nuclear
client proteins of hsp90.5! This highlights the involvement of
molecular chaperones such as hsp90 not only in the DNA damage
repair pathway but also in the epigenetic regulation of gene
expression.’? Specifically, by regulating DNMT1 and EZH2, and
also histone deacetylases, panobinostat regulates dual epigenetic
mechanisms of DNA methylation and chromatin modifications
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treatment with panobinostat markedly
reduced the recruitment of EZH2 and
DNMTT1 to the promoter of JunB,
as well as modified the epigenetic
marks on the promoter chromatin
of JunB. Specifically, panobinostat
reduced the trimethylated K27 and
K9 marks on histone H3. This was
associated with significant de-repres-
sion of JunB. Therefore, collectively,
panobinostat treatment appears to
mediate its epigenetic effects by modifying lysine acetylation
and methylation on histone proteins and by inhibiting DNMT1
recruitment on gene promoters without modifying promoter
gene methylation. These data are in agreement with a previous
report in which panobinostat was shown to induce expression of
epigenetically silenced ERal through alteration of a multi-protein
complex at the ERat promoter rather than through demethylation
of the ERo. promoter.4! In contrast, decitabine solely depletes
DNMTT1 and induces demethylation and de-repression of genes,
e.g., JunB, ERa and E-cadherin. Hence, it is not surprising that
the combination of DAC and panobinostat, by engaging separate
and multiple epigenetic mechanisms, de-represses more JunB than
treatment with either agent alone. Based on previous reports which
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Figure 4. Co-treatment with decitabine and panobinostat enhances DNMT1 depletion and JunB induction.
(A) K562 cells were treated with the indicated concentrations of DAC and panobinostat for 24 hours.
Immunoblot analysis was performed for DNMT1, EZH2, hsp70 and JunB on the total cell lysates. The
expression levels of B-actin in the cell lysates served as the loading control. (B) Primary acute leukemia
cells were treated with the indicated concentrations of DAC and panobinostat for 24 hours. Immunoblot
analysis was performed for DNMT1, EZH2 and JunB on the total cell lysates. The levels of f-actin in the
cell lysates served as the loading control. (C) K562 cells were treated with 20 nmol/L of panobinostat
and 1 umol/L of decitabine in the manner indicated for 24 hours. Following this, total RNA were isolated
and gPCR analysis was performed for exon 1 of JunB mRNA. Expression of JunB mRNA was normalized
against GAPDH. Alternatively, western blot analysis was performed for JunB on the fotal cell lysates. The
expression levels of p-actin in the lysates served as the loading control.

had documented that JunB inactivation promotes leukemogenesis,
accentuated derepression of JunB due to co-treatment with DAC
and panobinostat could explain the loss of clonogenic survival and
cell death of acute leukemia cells.?!-32

Previous reports have shown that methylated genes in cancer cells
are often packaged in nucleosomes containing H3 with trimethy-
lated K27, which results from the activity of the EZH2 containing
PRC2 complex recruiting DNMTs to the gene promoters.'> For
example, PRC2 is required for the repression of E-cadherin by
the Snail transcription factor.”* PRC2 is known to silence Hox
and other differentiation program genes, thereby promoting self
renewal of embryonic stem (ES) cells or of the cancer stem cells.343

Permanent silencing of tumor suppressors by acquisition of DNA
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Figure 5. Decitabine and panobinostat alter the JunB promoter through different mechanisms. (A and B) K562 cells were treated with the indicated
doses of DAC or panobinostat for 16 hours. Genomic DNA was isolated and bisulfite modified. PCR analysis was performed for the JunB, ERa and
E-cadherin promoters using primer sets for methylated and unmethylated DNA. Internal control primers for the amplification of bisulfite modified DNA
regardless of methylation status were used to ensure equal loading. (C) Schematic representation of the JunB promoter and CpG island with relative
locations of primer sets used for ChIP PCR. (D) K562 cells were treated with the indicated concentrations of panobinostat for 16 hours. Chromatin
immunoprecipitations were performed with antibodies to DNMT1, SUV39H1, EZH2, 3MeK27 Histone H3, 3MeK9 Histone H3 and Acetyl H3. Normal
mouse IgG was used as a control. PCR products were obtained for region 3 and region 5 on the chromatin immunoprecipitates. Quantitative assess-
ment of the chromatin immunoprecipitates was also determined by gPCR. The bar graphs represent fold enrichment of the chromatin in each region of

the promoter relative to the input chromatin.

methylation through DNMTs could be a specific feature of leuke-
mogenesis.>> It appears that in cancer cells, the DNA methylome
undergoes characteristic changes including genome wide loss of
methylation and aberrant local gain of methylation, resulting in
loss of TSG function.!?2! However, in addition to silencing due
to DNA methylation, PRC2 may also be involved in downregula-
tion of INK4A-ARF locus.”>> Taken together, a picture of the
epigenetic landscape in cancer is emerging that contains silenced
genes that have a repressive trimethylated histone H3K27 mark
and/or DNA methylation of TSGs.?8% This is consistent with
the observations, that selective downregulation of EZH2 restored
the expression of trimethylated H3K27 marked genes, without
affecting promoter DNA methylation or de-repressing genes
silenced by DNA hypermethylation.?® The repressive trimethylated
histone H3K27 along with trimethylated H3K4 mark represents
the ‘bivalent mark’, which is a feature of the ‘bivalent domains’ in

7 Cancer Biology & Therapy

the silenced differentiation genes in ES and cancer stem cells.>>
Thus, panobinostat treatment could erase the bivalent mark and
de-repress the silenced differentiation genes in cancer stem cells. By
depleting EZH2 levels and disrupting the PRC2 complex, as well
as attenuating the DNMTT levels, panobinostat treatment could
also subsequently disrupt the localization of the PRC1 complex
containing BMI1 and RING1 which contribute to the epigenetic
silencing of differentiation genes in ES and cancer stem cells.>¢
Recently, activation of the ES cell transcriptional program by
c-Myc has also been demonstrated to pathologic self-renewal
characteristic in cancer stem cells.’” Whether panobinostat treat-
ment alone or in combination with DAC also affects this program,
remains to be elucidated.

Our data demonstrating greater de-repression of JunB and
superior antileukemia efficacy of the combination of DAC and
panobinostat are in agreement with previous reports showing
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Figure 6. Co+reatment with decitabine and panobinostat, or 17-DMAG inhibits clonogenic survival greater than treatment with the single agents alone.
(A) K562 cells were treated with the indicated doses of DAC and/or panobinostat for 48 hours. Following treatment the cells were washed and plated
in methocult media for 7 days. (*) represents values significantly less than those following treatment with either agent alone at the indicated concentra-
tions (p = 0.04 and p = 0.007, respectively). (B and C) K562 cells were treated with the indicated doses of DAC and/or 17-DMAG for 48 hours. The
cells were washed and plated as before. (*) represents values significantly less than those following treatment with either agent alone at the indicated
concentrations (p = 0.04). (D) K562 cells were treated with the indicated concentrations of panobinostat and/or 17-DMAG for 48 hours. Following

treatment the cells were washed and plated in methocult media for 7 days.

robust re-expression of silenced genes when their promoters are
de-methylated prior to HDAC inhibition.3”-38 Increased anti-
leukemia activity has also been demonstrated following treatment
with the combination of DNMT and HDAC inhibitors.’®
Recently, the combination of decitabine and valproic acid was
reported to induce clinical responses in patients with advanced
leukemia.>® In our studies, although co-treatment with DAC
and panobinostat mediated greater loss of survival than either
agent alone, how much of this is mediated by more pronounced
attenuation of EZH2 and de-repression of JunB is not clear and
remains to be established. It is noteworthy that induction of JunB
in patients has been used as a prognostic marker for predicting
clinical response to imatinib treatment in CML, and patients with
increased JunB expression following treatment have been shown
as more likely to achieve a clinical response than those with lower
junB expression.®” Genetic or pharmacologic inhibition of EZH2
has also been shown to inhibit growth of transformed cells.!%-13:61
Additionally, co-treatment with the HDAC inhibitor trichostatin
A with pharmacologic inhibition of EZH2 has been shown to
result in massive apoptosis of transformed cells.®? It should be
noted that pan-HDAC inhibitors, such as panobinostat, induce
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apoptosis of acute leukemia cells through epigenetic and a variety
of other mechanisms.®3%5 Therefore, epigenetic targeting and
de-repression of silenced genes is likely to be mechanistically only
partially responsible for the enhanced antileukemia efficacy of the
combination of DAC and panobinostat. Nevertheless, because of
the relevance of the activity of EZH2 and PRC2 for the survival
and self-renewal of leukemia stem cells, the combined epigenetic
therapy with DAC and panobinostat represents an attractive
strategy for the treatment of acute leukemia, especially in the
minimal residual disease state.

Materials and Methods

Reagents. Panobinostat (PS) and 17-DMAG were kindly
provided by Novartis Pharmaceuticals Inc., (East Hanover, NJ)
and Kosan Biosciences (Hayward, CA), respectively. Decitabine
was acquired from Sigma-Aldrich (St. Louis, MO). Bortezomib
was kindly provided by Millennium Pharmaceuticals (Cambridge,
MA). Monoclonal anti-DNMT1 antibody was purchased from
Abcam (Cambridge, MA). Anti-EZH2 monoclonal antibody
was purchased from BD Transduction labs (San Jose, CA). Rat
monoclonal anti-hsp90 and rabbit polyclonal anti-hsp70 were

Cancer Biology & Therapy 8
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cells procured for recipients who
had since died were purified by
immunomagnetic beads conju-
gated with anti-CD34 antibody
prior to use in the cell viability
assay (StemCell Technologies).4”
Cell lysis and protein quanti-
tation. Untreated or drug treated
cells were centrifuged and the
cell pellets were re-suspended
in 200 uL of lysis buffer, then
centrifuged and protein concen-
trations determined, as previously
described.40-48
Immunoprecipitation  of
hsp90, DNMT-1 and EZH2 and

immunoblot analysis. Following

designated treatments, cells were

Figure 7. Co-reatment with panobinostat and decitabine exerts superior anti-leukemic activity against primary
AML and CML cells than treatment with either agent alone. Peripheral blood or bone marrow from 8 AML, 4
CML-BC and 2 normal CD34+ patients were treated with the indicated doses of 17-DMAG or panobinostat and
DAC for 48 hours. Then, the percentages of non-viable cells for each drug alone or drug combination were
determined by trypan blue uptake in a hemocytometer. Values represent the percentage of non-viable cells from

each condition as compared to the untreated cells.

purchased from Stressgen (Ann Arbor, MI). Anti-f-actin was
purchased from Sigma Aldrich (St. Louis, MO). Monoclonal
anti-JunB was purchased from Santa Cruz Biotechnologies (Santa
Cruz, CA). Monoclonal anti-ubiquitin was purchased from
Covance Biologicals (Berkeley, CA). Suv39H1, Trimethyl-lysine
9 H3 and acetyl H3 were acquired from Upstate biotechnologies
(Charlottesville, VA). Normal mouse IgG and normal rat IgG were
acquired from Santa Cruz (Santa Cruz, CA).

Cell culture. K562 and LAMA-84 cells were cultured in
complete RPMI-1640 medium and incubated at 37°C with 5%
CO, as previously described.® Growth media was changed every
2-3 days and cells were maintained at a density of 250,000 cells/
mL. Exponentially growing cell cultures were used for all experi-
ments described below.

Leukemia blast and normal CD34* hemopoietic progenitor
cells. Primary acute myeloid leukemia (AML) cells were obtained
with informed consent as part of a clinical protocol approved by
the Institutional Review Board of the Medical College of Georgia.
As previously described, peripheral blood samples were collected in
heparinized tubes, or were obtained from leukophoresis units, and
mononuclear cells were separated using Lymphoprep (Axis-Shield,
Oslo, Norway), washed once with complete RPMI-1640 media,
resuspended in complete RPMI-1640 and counted to determine
the number of cells isolated prior to their use in the various
experiments.?’ The purity of the blast population was confirmed
to be 80% or better by morphologic evaluation of cytospun
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lysed with the lysis buffer as
described above. Five hundred
micrograms of cell lysate was
mixed gently with 5 ug of rat
monoclonal anti-Hsp90 or 5 ug of
mouse monoclonal anti-DNMT1
or 5 ug of mouse monoclonal
EZH2 and incubated at 4°C for 1-2 hours on a rotator. Pre-washed
protein-G beads were added to the lysate-antibody mixture and
incubated overnight at 4°C on a rotator. The immunoprecipitates
were washed 4 times with lysis buffer and eluted from the agarose
beads by boiling with 6X SDS sample buffer before SDS-PAGE
and western blot analysis, as previously described.*?

Preparation of detergent soluble and insoluble lysates.
Following drug treatment with bortezomib (BZ) and panobinostat,
cells were separated into detergent soluble and insoluble fractions as
previously described.? Briefly, cells were lysed with TNSEV buffer
(50 mmol/L Tris-HCI, pH 7.5, 2 mM EDTA, 100 mmol/L NaCl,
1 mmol/L sodium orthovanadate, 1% Nonidet P-40 containing
20 ug/ml aprotinin, 20 ug/ml leupeptin, 1 mmol/L PMSE, 25
mmol/L NaF and 5 mmol/L N-ethylmaleimide). The insoluble
fractions (pellet) were solubilized with SDS buffer (80 mmol/L
Tris, pH 6.8, 2% SDS, 100 mmol/L dithiothreitol and 10%
glycerol). Fifty ug of proteins from the Nonidet P-40-soluble and
insoluble fractions were separated on 7.5% SDS-polyacrylamide
gel and analyzed by western blotting.

SDS-PAGE and western blotting. One hundred micrograms
of total cell lysate was used for SDS-PAGE. Western blot analyses
of EZH2, DNMT]1, hsp70, hsp90, ubiquitin and JunB were
performed on total cell lysates or immunoprecipitates using specific
antisera or monoclonal antibodies, as previously described.40-48
The expression level of B-actin or o-tubulin was used as the
loading control for the western blots.
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RNA isolation and RT-PCR. RNA was extracted from the
cultured cells using the Trizol method (Invitrogen, Carlsbad, CA)
as previously described.“48 Purified RNA was quantified and
reverse-transcribed using Superscript I according to the manu-
facturer’s protocol (Invitrogen, Carlsbad, CA). Resulting cDNAs
were used in subsequent PCR reactions for JunB (sequences
available upon request). PCR reactions for B-actin were used as
an internal loading control. PCR reactions were carried out in a
gradient Mastercycler (Eppendorf, Westbury, NY) and consisted
of a 3-minute denaturation at 95°C followed by 35 cycles of 95°C
(30 sec), 52°C (30 sec) and 72°C (30 sec) with a final extension at
72°C (10 min). Amplified products were resolved on a 2% agarose
gel and recorded with a UV transilluminator. Horizontal scanning
densitometry was performed with ImageQuant 5.2 and the band
intensity of each PCR product was compared to that of B-actin.
For quantitative assessment of DNMT1 and JunB, qPCR was
performed with TagMan probes against the exon 38-39 boundary
for DNMTT1 and the exon 1 boundary for JunB. Expression levels
were normalized to a TagMan probe against GAPDH.

Colony culture assay. Following the designated treatments,
cells were harvested and washed twice with 1X PBS and approxi-
mately 300 cells were plated in complete Methocult (StemCell
Technologies, Vancouver, British Columbia) and cultured for
7-10 days at 37°C in a 5% CO, environment. Colony growth
was measured as a percentage of the control cell colony growth, as
previously described.44

Bisulfite modification and methylation specific PCR.
Following treatment with either decitabine or panobinostat, the
genomic DNA was isolated from K562 cells using a DNeasy kit
(Qiagen, Valencia, CA). One microgram of genomic DNA was
subjected to bisulfite modification with a kit from Chemicon
(Temecula, CA) according to the manufacturer’s protocol. DNA
was eluted in 25 uL of TE Buffer. Methylation-specific PCR reac-
tions were set up using a Hotmaster mix (Eppendorf, Westbury,
NY). Primers were designed according to within a CpG island
of the JunB promoter and consisted of the following sequences,
JunBMF 5'-GAT AGG GTT TTT GCG TAT AGT TGT C-3',
JunB MR 5'-TAT TCC ATT TTA ATA CAC ATC CGA A-3" and
JunBUF 5'-TAG GGT TTT TGT GTA TAG TTG TTG G-3',
JunBUR 5'-CTA TTC CAT TTT AAT ACA CAT CCA AA-3'.9
Primers were also designed against the E-cadherin and ER alpha
promoters and consisted of sequence EcadMF 5'-TAA TTT TAG
GTT AGA GGG TTA TCG C-3", EcadMR 5'-CTC ACA AAT
ACT TTA CAA TTC CGA C-3', EcadUF 5-ATT TTA GGT
TAG AGG GTT ATT GTG T-3', EcadUR 5'-CAA ACT CAC
AAATACTTT ACA ATT CCA-3', ERaMF 5'-TAA ATA GAG
ATA TAT CGG AGT TTG GTA CG-3', ERoaMR 5'-AAC TTA
AAA TAA ACG CGA AAA ACG A-3', ERaUF 5'-TAA ATA
GAG ATA TAT TGG AGT TTG GTA TGG-3' and ERoUR
5'-AAC TTA AAA TAA ACA CAA AAA ACA AA-3'. Internal
loading control primers were designed to recognize the JunB
promoter regardless of methylation status. These primers consisted
of sequence JunBBSFor 5-GAG TTA GTA GGG AGT TGG
GAG TTG-3" and JunBBSRev 5'-AAC TAT TCC ATT TTA ATA
CAC ATC C-3". PCR reactions were carried out in an Eppendorf
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Gradient Mastercycler (Westbury, NY) and consisted of a 95°C
hold followed by a 2-minute denaturation at 95°C and 30 cycles
of 95°C (30 sec), 55°C (30 sec) and 72°C (30 sec) with a final
extension at 72°C (10 min). PCR products were resolved on a 2%
agarose gel and visualized with a UV-transilluminator. Horizontal
scanning densitometry was performed with ImageQuant 5.2 and
the band intensity of each PCR product was compared to that of
the internal loading control.

Chromatin immunoprecipitation and PCR. K562 cells were
treated with panobinostat for 16 hours. Following drug exposure,
the chromatin in the cells was crosslinked with formaldehyde for
10 minutes at 37°C. The crosslinking reaction was quenched with
1/20 volume of 2.5 M glycine for 5 minutes at room tempera-
ture, then the cells were washed twice for 5 minutes in ice-cold
1X PBS. Cell lysis, sonication and chromatin immunoprecipita-
tion was performed according to the manufacturer’s protocol
(Upstate Biotechnologies, Charlottesville, VA), and as previously
described.*® Primers for the amplification of the JunB promoter
were synthesized by IDT (Coralville, IA). Sequences are avail-
able upon request. For quantitative assessment of JunB in the
chromatin immunoprecipitates, a SYBR Green mastermix from
Applied Biosystems was used (Foster City, CA). Relative enrich-
ment was normalized against GAPDH in the input samples.

Statistical analysis. Significant differences between values
obtained in a population of leukemia cells treated with different
experimental conditions were determined using the Student’s t-test.
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